The co-incident flow of work pieces and cutting tools in a restricted category of flexible machining cells by Linda B. McQueen (7200983)
------------------------------------------------------------- -
LOUGHBOROUGH 
UNIVERSITY OF TECHNOLOGY 
LIBRARY 
AUTHOR/FILING TITLE 
/ ____________ .M~9..~~_~r' ____ I:.:f?_. ____________ _ 
I 
----- --------------------------- --- ----- - ------ ---
ACCESSION/COPY NO. 
i C\'tUOt:; 'f I '+ 't-1----------------- ---- --- ---- -- ------------ - - -- - ---
! VOL. NO. CLASS MARK 
0400941449 
111111111111111111 111111111 

The Co-incident Flow of Work pieces and Cutting Tools 
in a Restricted Category of 
Flexible Machining Cells. 
by 
LINDA BL YTH McQUEEN 
A Doctoral Thesis 
Submitted in partial fulfilment of the requirements 
for the award of 
Doctor of Philosophy 
of Loughborough University of Technology 
December 1993 
Department of Manufacturing Engineering 
Copyright by Linda Blyth McQueen, 1993 
Loughborough University 
of Technology Ubrary 
Date h G« 
Class 
,'\CC. eN. ! 'f" No. vo'l't { «' 
DECLARATION 
No part of the work described in this thesis has been submitted in support of an 
application for any other degree or qualification of this or any other University, or the 
C.N.A.A. or other institutes of learning. 
ACKNOWLEDGEMENTS 
I would like to thank my supervisor, Professor R. Bell, for his help and support during the 
course of this research. I would also like to thank Dr E.A. Roberts, Dr R.B.R de Souza 
and Dr S.T. Newman for their help and advice throughout this work. 
My gratitude also to my colleagues within the FMS Group at Loughborough, namely 
Shahin Rahimifard, Wang Wei, Jill Tait and Mustafa Ozbayrak, for their assistance and 
helpful discussions, not forgetting my other colleagues in Loughborough, too numerous 
to mention, who have contributed directly and indirectly to the work reported in this 
thesis. In particular, I would like to mention Dave Waiters for keeping the computers 
running under any circumstances, and Kevin Tilley for his helpful advice. 
My thanks are also made to my colleagues at the University of Bath. Their support in 
helping me complete this thesis has been appreciated. In particular, Dr Tony MiIeham 
for his proof reading and advice, Mandy for final checking, and Nicky Berry for being 
able to read my writing and aiding in the typing and preparation of this thesis. 
I would like to acknowledge the financial support of the ACME Directorate of the 
Science and Engineering Research Council for support of this work. 
Last but not least, I would like to thank my husband and family for their continued 
support and encouragement during these long years. 
SUMMARY 
The work reported in this thesis describes research carried out into the detailed design 
and operation of Rexible Machining Cells (FMC) incorporating automated work and tool 
flow, dual flow. Three modes of cell management are considered for dual flow cells, 
where the author examines both their operational and economic performance. 
A framework is defined for investigating these dual flow cells, and a structured approach 
providing a novel and detailed modelling capability is described. The question of how 
this approach compares to single flow modelling and the additional or alternative 
requirements for dual flow modelling is examined via the following key areas; the 
specification of material handling requirements, tool transportation and issue and finally, 
the control required to examine the interaction between the two flows operating 
concurrently. 
The framework is tested for its industrial applicability via an industrial case study. A 
major aim of this study is to examine the view that a hybrid cell management strategy, 
competitive management, could out perform the other strategies examined. 
The aim of this methodology is to provide a solution for the control of FMCs. Emphasis 
is placed on the ease of control and how the loading and control rules selection can 
maximise economic enhancement of a cells performance. 
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Chapter 1: Introduction 
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1.1 Introduction 
Recent years have seen the advancement of computer aided technologies and the use of 
computers at all levels within the business and manufacturing industry. Within the 
manufacturing sector, computers are used in areas such as ordering, stock control and 
control of the factory, through to the workcentre on the shop floor. 
Considerable research is being directed towards the application of computers in the 
control of Flexible Machining Facilities (FMF), especially in the area of Flexible 
Machining Cells (FMCs) which provide the focus of this thesis. Although this area of 
research has been going on for many years, and commercial cells presently utilise 
computer control, researchers are still striving towards a generic control solution for such 
cells. Developments in this field have encouraged the introduction of sophisticated 
concepts in the loading and control of cells, in particular, the information flow at cell 
level and higher, to encourage a greater awareness of "shop floor" needs and demands. 
These needs and demands arise when the shop floor has to be reactive to "real-time" 
occurrences such as machine breakdowns. 
This thesis is concerned with a particular class of high cost FMCs, with the modelling 
requirements, the economic use of these cells and the interaction of the workpieces and 
tools being the main subject. Contemporary cell controllers, commercial simulation 
packages and current research do not provide a means of obtaining the best performance 
from such cells. Therefore the control issue and the complementary issue of system 
design are central topics of this thesis. The cell control and design issues are evaluated 
via a test case based on an industrial installation. 
1.2 Background 
The wide use of FMS became popular in the late 1970's, although some had been in 
operation many years before. They may be described loosely as systems which consist of 
elements such as computer controlled workstations, automated transport systems and 
automated warehousing which incorporate high level distributed data processing. This 
data focuses on the top level and transfers the required schedules and information down 
to the subsections within the factory. 
The growth in the use of Flexible Machining has led to researchers examining the factory 
as a whole, aiming to achieve a design methodology which integrates many computerised 
systems. This research has been given added impetus by the increasing distribution of 
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processing power, driven by the rapid advances in computer technology and the changing 
demands for quick change-overs at the shop floor between workpieces and "Real-time" 
problems with operation. 
With this rapid development in system integration, it is necessary to place the FMF in 
context with the overall application of Computer Integrated Manufacturing (CIM). CIM 
focuses on the whole business, including the ordering department, design, production, 
process planning, and scheduling. Within the FMFs, the focus is placed on all the 
manufacturing needs. This is a subset of the CIM structure. The growing use of eIM in 
industry can be seen as the catalyst for seeking integration of all the technologies which 
will link all the subsets within the business, ordering, FMC, FMF are examples. It is 
hoped that these subsets of the application of CIM, sometimes referred to as "islands of 
automation" [CARR,1988], will utilise production schedules, link these with costing and 
orders and, on the shop floor, make real-time decisions at the cell based on the current 
status. With the application of concurrent engineering, they will also be used in 
examining the design and processing of new products in parallel. 
It is the requirement of a modern competitive manufacturing factory to have up-to-date, 
correct information at the right time. This requires a structured approach and the 
identification of necessary data. An example of achieving this is the use of a hierarchical 
system where data/information can flow from the top of this tree-like structure (top-down 
approach) or from the bottom up (bottom-up approach). This control hierarchy can be 
split into five main levels; an overall host computer, external systems, factory, cell and, 
fmally, the workcentre level. Research (which will be highlighted in Chapter 3) is being 
undertaken at each of these levels and their effect/role for overall integration. The focus 
here is on the advantages and disadvantages of the "top-down" and "bottom-up" 
approaches, as well as examining a non-hierarchical approach. For the purpose of this 
research, the focus will be on cell level control for FMCs and this will be placed in 
context of the overall factory organisation. 
1.3 Aims 
It will be illustrated that an important area of research is to establish a set of rnles for the 
classification and control of cells incorporating both automated workpiece and cutting 
tool handling. The research presented here is aimed at high cost FMCs, with particular 
emphasis being placed on material handling and the interaction of the workpieces and 
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tools, specifying rules for the design and operation of such cells which are called here 
"dual flow cells". 
The focus of the work is two fold. First it provides a framework for the design and 
operation problems of dual flow cells, especially in the area where this flow is 
"competitive", i.e. neither flow dominates. This framework acts as a guide for the design 
and operation of these cells. Secondly, it investigates the authors thinking that the 
competitive cell management strategy could prove to be the overall 'best' performer in 
terms of economic running costs and overall cell performance. 
The work investigates loading and control strategies, utilising the Loughborough 
University Technology Emulator (LUTE). This is an important aspect of the research 
providing a structured approach to the implementation of the control rules for dual flow 
cells and a means of evaluating their performance. The overall intention was that once 
these rules had been validated using case studies, a methodology for dual flow system 
design would be in place. This methodology would be applicable to various 
manufacturing installations from machining through to assembly, or any situation where 
the co-ordination and integration of the dual flow is necessary. 
1.4 Context 
The research work described in this thesis was conducted as part of an Application of 
Computers in Manufacturing Engineering (ACME) grant, reference number GR/F 68331. 
The participants in the project were Loughborough University of Technology, Rockwell 
PMC, CIMulation Centre and Logica plc. This work ran parallel with another ACME 
grant at Loughborough investigating the Design of Multi-Cell Tool Management 
Systems. Both grants operated in collaboration with each other. 
During my time with the FMS Research Group at Loughborough, there were a number of 
colleagues in the laboratory with whom I worked in close collaboration, in particular, Dr 
S.T. Newman and Dr R.B.R de Souza. Others in the group with whom I worked were M. 
Ozbayrak, S. Rahimifard and Dr. W. Wei. The research reported in this thesis is placed 
in context with the team at Loughborough, and the contribution of the author 
differentiated from that of other members of the team. 
The overall objective of the Loughborough work was to design a toolkit to use as an aid 
to the design of FMF, Tool Management Systems or database specification for such 
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systems. The issues behind the strategies for tool management, dual flow, the application 
of expert systems and tooIkit integration were the main themes of the research. 
Dual flow cells and their control formed a subset of the total research and are the subject 
of this thesis. 
1.5 Structure of Thesis 
Chapter 2 outlines the terminology that will be used throughout this thesis and the 
author's definition of this terminology. State of the art technology is examined and used 
to describe the classification of various levels of FMF used within industry today. The 
increasing use of modelling to evaluate alternative designs for systems is described, with 
a summary of a range of some commercial simulation packages given to highlight their 
advantages and disadvantages. 
Chapter 3, introduces the reader to the literature surrounding the issues on which this 
research was based. These illustrate present day research, design issues, modeJIing 
approaches and the application of expert systems in relation to the design, control and 
operation of FMF. The final section of this chapter describes the focus of the research 
programme for the work described in this thesis. 
Chapter 4, describes the Loughborough solution to the design of manufacturing 
facilities. It re-emphasises the need for this approach to modeIJing, and then proceeds to 
describe how the Loughborough solution will fill the gap highlighted in the review of 
present day research. 
Chapter 5, describes the scope of the research. It examines the two main themes of the 
work and divides this into subsections for the overall examination and specification of 
the rules for the design and operation of dual flow cells. The research methodology is 
then described, focussing on the proposed dual flow framework. 
Chapter 6, examines the issues that govern work flow and the necessary tools that are 
required to model such facilities. This chapter incorporates the authors approach to 
specifying multiple material handling systems and her methodology for identifying and 
modeIJing such facilities. The outcome is a generic representation of material handling 
systems and a structured solution to the modelling of these systems. 
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Chapter 7, focuses on tool dominated cells. This chapter highlights the issues which 
arise within the modelling of tool flows, the strategy selection and the modelling of the 
technology advancements in this area. A definition of the modelling requirements and 
its' incorporation within the emulator is described. 
Chapter 8, illustrates three modes of operation of dual flow cells. It describes a 
methodology for the design of such cells with a generic approach to their control. The 
logic examined to specify this methodology is described with the approach being 
examined from cell level down to the workcentre. 
Chapter 9, illustrates the additional modules that are required when one examines both 
the work and tool flows. It describes the inputs required and the outputs given. The test-
bed, the emulator, which is the tool that is used in the evaluation of the rules for dual 
flow is described. 
Chapter 10, introduces the reader to the computational environment of the emulator. 
The input requirements and the user interactions are described. 
Chapter 11, is an industrially based case study where the number of parts have been 
extended to test and verify the research specifications, as well as looking ahead for the 
company. This work investigates the implication of the rules described in chapters six, 
seven and eight via an extended cell. Within the extended cell, the work is not 
constrained by company requirements but is used to test the model for validation 
purposes. This study is used to validate the authors thinking that the competitive cell 
management approach could offer the 'best' all-round performance measures. 
Chapter 12, discusses the strengths and weakness of the specified dual flow rules from 
the design and emulator approach. This is based on the case study work assessing the 
results of the research with regard to the effect it has on the cell operation/performance, 
and comparing the initial thinking on the expected performance with the studied outputs. 
Chapter 13, draws out the main issues identified, the application of the rules and the 
overall effect they can have on the control of an FMC. 
Chapter 14, recommends future work in this area. 
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Chapter 2: State of the Art in Flexible Machining 
7 
2.1 Introduction 
Over the years Manufacturing Systems have developed in sophistication in line with the 
advancement of technology in both the hardware and software markets. These systems 
are now definable under the broad umbrella of Flexible Manufacturing Facilities (FMF). 
This encapsulates the whole aspect of the integrated factory, all the machining activities 
and areas in the scheduling and design mechanisms within the factory. From the 
machining aspect, flexibility is defined as the ease with which a system can change from 
the production of one product to another. The majority of this flexibility is achieved 
within a narrow range of parts. 
Many definitions are offered within the literature with regard to what a "Flexible System" 
really is. Each is correct in its own merit but the one that is deemed most relevant to the 
research herein is that offered in the Production Engineering Journal: "an FMS, as 
defined by the Department of Trade and Industry, is a system combining micro-
electronics and mechanical engineering, a central on-line computer controlling machine 
tools and other workstations, and the transfer of components and tooling" [ANON,2j. 
Under this general interpretation there are five machining configurations identified by the 
author: Flexible Machining Module (FMM), Flexible Machining Cell (FMC), Flexible 
Manufacturing System (FMS), Flexible Transfer Line (FTL), and, finally, Multi-Cellular 
Manufacturing Systems (MCMS). 
Each of these categories have specific goals in terms of part variety and production 
volume. A trade off tends to occur between flexibility, i.e. variety of workpieces, and 
volume to be produced. This trade off is depicted in figure 2.1 [CROS,1988). Reference 
to the variety and process volume throughout will be based on this figure. 
As with the various configurations, each element within an FMF can have numerous 
descriptions. To achieve consistency, this chapter will define terms that will be used 
throughout the thesis and in describing the state of the art technology. 
2.2 Flexible Manufacturing 
2.2.1 Terminology Definition 
Figure 2.2 depicts the elements within the factory environment. 
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Tooling 
Automatic Tool Changing (ATC): This is the automatic changing of tools between the 
machine's tool store and spindle. 
Primary Tool Store (PTS): This is where the tools are stored at the machine. Tools that 
are held at the machine will fall into various categories; those captive on the machine at a 
particular time, resident tools and special tools are examples of these. 
Secondary Tool Store (STS): Defined by de Souza [SOUZ,1988], this is where tools 
used to service the cell are stored. The tools within this store are issued to/from machines 
and to/from a central store. 
Central Tool Store (CTS): Operating at factory level, the tools are issued to/from 
various cells/facilities throughout the factory. This storage area would be responsible for 
refurbishment of the tooling. 
Tool Issue 
Kitting: Tools are issued in a kit to perform all the sub-operations required for the 
scheduled operation of the workpiece. Once the operation is complete the tools are 
returned to the STS. 
Differential Kitting: As with kitting except that the tooling already captive on the 
machine is taken into consideration. In this case once the operation is complete the tools 
remain captive on the machine. 
Clusters: Clusters are a set of tools that are capable of machining various workpieces. A 
cluster is held on a machine until all workpieces are processed. It is then returned to the 
STS and disassembled. 
Single Tool: These are issued to the machine when requested and returned after the sub-
operation is completed, or held at the machine. These choices depend on the tool, 
whether it is a restricted tool or whether it is replacing a standard worn tool. 
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Workpieces 
Machine Buffer: This can be a single load/unload buffer or an Automatic Pallet 
Changer (APC) mechanism with varying capacity. The consistent factor is that this is the 
exchange mechanism between the transporter and the machine. Once the workpiece is 
loaded from the transporter it can then be transferred to the machine. 
Temporary Storage: Temporary Storage is used when there is limited storage at 
load/unload stations for the cell. This storage is used when there is no capacity at the cell 
loading or machine buffer. 
Cell Buffer: Workpieces are transferred to/from the factory to the cell and to/from 
machines utilising this buffer capacity. 
Central Work piece Store: This is the central store where bought-in goods, raw materials 
and finished goods are stocked for sending to/from cells within the FMF. 
The research within this thesis focuses on the control of elements within the PIS, STS, 
Machine Buffer, Temporary Storage and Cell Workpiece Buffer. 
2.2.2 Flexible Machining Module (FMM) 
FMMs are used in the high variety, low volume end of the market, giving rise to high 
flexibility but a low productivity due to set-up and change over times. These arise due to 
refixturing of various workpieces and tool changeovers. The FMM consists, in general, 
of a stand-alone Computer Numerical Controlled (CNC) machining station which 
incorporates a pallet transfer device and has an ATC for tool changes between the 
machine tool store and spindle. In general. the loading of tools into the machine tool 
magazine will be manual. 
This type of manufacturing facility is in evidence at Rockwell PMC's Peterborough site, 
where a Waldrich Siegen Vertical Machining Centre is in operation. The machining 
centre is used for the production of frames for printing presses [ROCK,1990j. The 
workpieces are large, with machining times ranging from 4 to 16 hours for roughing and 
finishing operations respectively. Due to the size of the workpieces, the parts are loaded 
on to a Rail Guided vehicle and then automatically transported to the machine or a buffer. 
The tools are manually loaded into the PIS on the machine, which has a capacity of 205 
tools. Tool transfer is achieved by using a modular robotic handling device for 
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transferring the tools to the ATC on the machine. Figure 2.3 depicts the layout of the 
FMM and illustrates the work and tool flows which are used at the Rockwell facility. 
Within the area of FMM, companies such as Cincinnati Milacron have complete units of 
stand-alone machines which incorporate multi-pallet APCs and tool magazines of 30, 60, 
or 90 capacity that utilise ATC devices [CINC,1991]. 
2.2.3 Flexible Machining Cell (FMC) 
FMCs are defined as consisting of from one to four machines linked by automated 
material handling. Although sometimes referred to as small FMSs, to avoid ambiguity 
they will be referred to as FMCs throughout this thesis. FMCs can be designed via two 
modes; the integration of existing FMMs or where the cell is designed with a specific 
goal in mind. An FMC must be capable of some level of unmanned operation and the 
machines are linked via a material handling system, such as a Rail Guided Vehicle 
(RGV), robot or gantry system. Workpieces need to be loaded/unloaded automatically 
and transferred between stations with the least amount of manual intervention. Cell 
performance in terms of variety versus unit cost depends upon the function of the cell, 
whether there are non-dedicated machine, or those that are dedicated for a particular part 
family. The tooling in this case will have ATC for exchange of tools between the PTS 
and the spindle and, although not mandatory, will tend to have automated tool flow 
between the STS and the PTS. 
The FMC at Citriien Construction Mechaniques, Meundon has two five-axis 
Graffenstaden Machining Centres, with the capability of expanding to three machines, 
and is used in the production of prototype components for rally and racing cars 
[ANON,1984]. The batch size ranges from 1 to 50, but the majority of jobs that enter the 
system are for "one-off' production. Due to the nature of the products, the cell has to be 
able to change between workpieces effectively, giving rise to fixturing and tool changing 
requirements. The work and tool supply is fully automated, incorporating an inductive 
wire AGV system which delivers parts to the front of the machines and tools to the rear. 
The machining centres include APCs and ATCs and the cell operates under computer 
control. 
The control integrates between design and production via three levels. The lowest level 
controls the machines, automation and transportation system, the next level 
communicates between the levels for instructing and backing up, and the final level 
incorporates the CAD/CAM system. In this facility the tool flow and management is 
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completely automatic, with a pick and place device being used to transfer tools from the 
600 capacity STS, the local cell tool store, to a rotary tool drum on an AGV which has 
the capacity for 20 tools. At the rear of the machines a pick and place mechanism 
transfers the tools from the AGV to an ATC, with the old drum previously being 
removed. Each machine has two tool chains which have a capacity of 50 tools each. 
In this cell, the central computer monitors tool life and the tools are circulated between 
the machine and stores until the end of their useful life. The worn tools then leave the 
cell and go to the tool room for refurbishment. The cell layout is depicted in Figure 2.4 
and the tool flow is illustrated in Figure 2.5. 
At cell level, the computer controls the scheduling of the workpieces and, in the case of 
dual flow systems, i.e. where there is automated work and tool flow, the tools are 
scheduled to meet the workpiece demand, or the work is scheduled with regard to tool 
groupings. 
2.2.4 Flexible Manufacturing Systems (FMS) 
FMSs are large complex systems incorporating integrated machine tools via automated 
material handling and tool exchange. They vary in terms of the number of workstations 
and the inclusion of machines such as washing and inspection from the FMC upwards. A 
central computer schedules and controls the overall running of the system with each 
group of entities such as the transporters and cells utilising a supervisory computer for 
their control. FMSs are geared toward mid-volume, mid-variety workpieces but are 
capable of one-off production. 
A good example of an FMS is the Makino "MAX" FMS, consisting of ten machining 
centres, a work transfer line and a tool transfer line. A layout of the plant is illustrated in 
Figure 2.6. The work carrier line incorporates three work carriers, Automatic 
Warehouse, six work setting stations and one pallet conveyor line. The tool transport line 
accommodates two tool carriers with a capacity of 15 tools each, a tool room with a 
capacity for 1008 tools, ATC, tool presetter and bar code reader, as well as a CTS, the 
tool store that services the whole factory. 
The two unique features of the "MAX" system are the dynamic scheduling and the total 
tool management. This is undertaken by the Makino Production On Line System (S-
POS). This control system evaluates the current status of the system and examines job 
priority, before allocating the production resources. As jobs will fluctuate in priority, this 
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can lead to frequent tool changing so Makino have adopted a total tool management 
approach which reduces the tool changes by using tool clustering. Control of the FMS 
uses Direct Numerical Control (ONC) links to download the part programs [BAXT,1984; 
ANON,1985; MAKI,1985; ANON,1985aj. 
2.2.5 Flexible Transfer Lines (FTL) 
Transfer Lines are used in the area of high volume, low variety production situations, 
such as the production of engine blocks for cars. With the advancements in technological 
hardware, these are now becoming flexible, incorporating multi-head machines which 
enable these high volume lines to incorporate variations in a workpiece more readily. 
F1Ls can be defined as a set of sequentially ordered machine tools with multi-machine 
heads giving a semi-dedicated line. The sequentially ordered machine tools can consist 
of, for example, the 11-station pallet-type Cross transfer-matic, which are connected via 
conveyors [CROS,1988j. Each machine tool is in sequential order and the parts flow 
through each machine in a serial manner. Figure 2.7 illustrates an example of an F1L, 
with the flow process of workpieces through the line being highlighted. 
2.2.6 Multi-Cellular Manufacturing Systems (MCMS) 
Traditional FMSs tend to be large scale and complex in both operation and the control 
procedure required. This approach has identified the need to control the facility with 
reduced complexity, especially as there can be problems producing the software to run a 
large FMS. The advancement in ClM, and a fuller understanding of its expected 
potential, has led to a multi-cellular approach utilising distributed control, becoming 
more common within industry. This approach effectively links cells within the plant 
incorporating an overall host computer to communicate with each cell controller. Within 
the framework of multi-cellular facilities, two design approaches have been identified by 
Tait, namely, Serial and Parallel Multi-Cells. These approaches are illustrated in Figure 
2.8 [NEWM,1992j. 
The Serial Multi-Cell schedules workpieces in a sequential manner passing through each 
cell. This is illustrated at Holset Engineering which consists of seven autonomous 
manufacturing cells with workflow starting at the raw material stores, flowing through 
the cells which undertake separate processes and finally to the finished parts store. 
Automated workflow is used from the first cell to the other six. The material handling 
involves AGV s to transfer pallets between the cells and a five-axis gantry robot for 
loading and unloading at the machines. The robot is also used for exchange of tools 
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within some cells. The system is under computer control with the host computer linking 
into individual cell controllers which are used to co-ordinate equipment within the cells. 
Figure 2.9A illustrates the facilities layout and flow of work [WEBB,1986]. 
The Parallel Multi-Cell, routes parts through depending on the process; the workpieces 
can visit all or some of the cells in any order specified. This method of control can be 
used as a method of manufacture for assembly where workpieces can be scheduled to 
produce a kit of parts to be ready for assembly at the same time. Yamazaki's installation 
at Worcester (layout depicted in Figure 2.9B) utilises automated work flow and 
automated tooling [KOCH,1986]. An Automatic Guided Vehicle System (AGVS) is 
used for the transportation of raw materials to the machining line stores where rail-guided 
stacker cranes transfer the workpieces to/from the machines. A separate AGVS is used to 
transfer the parts to/from the automated warehouse and assembly areas. Tool flow is 
fully automated with a separate network from the workpiece flow using an overhead 
mono-rail which delivers tools to the machines when required. This tool flow system 
serves all the machines in the factory and is under the control of the Tool Management 
System (TMS) which monitors and sets tool offsets, lifes and replacements. The tool 
exchange adopts a "rapid tool transfer" approach. This is possible as the TMS is geared 
towards tool refurbishment which simplifies the control. Both the automated workpiece 
and tool handling systems utilise a microprocessor-based identification system for 
identifying individual tools and pallets. The overall control of the factory utilises three 
supervisory computers for scheduling of the automatic warehouse, controlling the three 
FMSs and the final computer being used for tool management. Overall scheduling is 
controlled by the central computer which looks at the total production three months in 
advance. It. should be noted that although clustering of tools is used within this facility, 
as the work variety scheduled to machines is limited, the majority of the tool 
management is replacing worn tools or scheduling special tools as required. 
2.3 Commercial Modelling Packages 
Modelling is a common aid used in the design of manufacturing systems, from the initial 
design phase through to detailed modelling, as well as being used in the operation of an 
installation. A survey of the use of simulation conducted by Christie and Watson 
concluded that 50% of simulation applications were in the area of manufacturing 
systems. Simulation as an aid to the design of manufacturing systems and other 
processes has become commonplace in the design procedure. With this increasing use of 
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simulation, the influx of commercial packages upon the market has increased. The aim 
of this section is to review a number of these packages. 
SAME AGVs, FAS, FMS 
Simuation Applied to Manufacturing Engineering (SAME), is distributed by IFS 
Publications in conjunction with Renault Automation. Each SAME module has basic 
building blocks that are used for describing the system to be simulated. The building 
blocks are: 
EDIT: 
INSERT: 
BUILD: 
SIMULATION: 
Used to describe the network 
Used in the construction of the network 
For compilation and validation of network 
Representation ofthe network on the screen. 
Three modules are available, AGVs, FAS, FMS, each being intended for a specific area 
of design. AGV s is used for simulation of material handling systems; initially it focuses 
on automated vehicles and forklift trucks. The Flexible Assembly Systems (PAS) 
application is in the area of flexible assembly cells with the workstations being linked via 
conveyors, although robots or humans can be used. The FMS module is used for 
simulating manual or automated machining shops which utilise a Just In Time (nn 
mode of management, in this case the Kanban principle of production. A functional 
layout is used with a central handling system and workpiece store. The constraints of this 
FMS simulator are that it is limited in its management approach and that a maximum of 
240 parts can be simulated at anyone time, 50 stations, 10 cells where a cell is a group 
technology cell, 10 pallet types, 50 toolsets of 5 types, and 10 operator job descriptions 
[ANON,1987j. 
SIMFACTORY 
Simfactory is an animated simulation package which focuses on manufacturing systems 
and material handling systems. The user is required to enter details in terms of graphical 
layout, describe the location of workstations and the interaction between these stations 
and other stations. A table is used for entering the distance between stations, the number 
of transporters and the stations that they can service are entered by the user. The 
workstations are described in terms of the operations that they can undertake and the set 
up times for each of the operations are user inputs. Dynamic scheduling is used, enabling 
user-specific criteria to be examined. The user can also add in breakdown simulation if 
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required [CACI,1989j. The use of variable distances between stations and scheduling 
flexibility is one of the main advantages offered by this system. 
SIMAN/CINEMA 
SIMAN/CINEMA utilises the simulation language SIMAN, which is a general 
simulation language, and CINEMA which is the graphics package. The overall 
combination of the two provides the user with a simulation, animation and analysis tool. 
The use of the language provides a high degree of flexibility when it comes to modelling 
manufacturing facilities and the user can model single machines to MCMSs. The 
disadvantage arises when the model becomes complex and the user is required to be 
experienced with the system. This system offers advanced animation graphics which 
provide a 2-dimensional model of the facility and a post-processor which evaluates the 
outputs obtained in the simulation [HA WK,1990j. SIMAN/CINEMA is also playing a 
major role within the Eureka FORCAST (Flexible, Operational Real-Time Control and 
Scheduling Tools) project where this simulation is being used in the examination of tool 
management systems and linking to simulators for control strategy evaluations 
[EURE,1992j. Unlike the other commercial packages, tool management strategies are 
now being examined in parallel to the work flow. Again, due to the complexity of the 
package, consultancy from expert sources would be necessary. 
XCELL 
XCELL adopts a "cellular" format for the modelling of manufacturing systems, with the 
entities being defined using icons which the user positions on a screen. Once the 
proposed installation has been defined, the simulation is run concurrently with the 
animation. Statistical outputs are constantly updated throughout the simulation and are 
used to ascertain the problem areas. The user can use the simulation for various "what 
if?" scenarios [CONW,1986j. 
MICROSAINT 
MicroSaint claims that it has the capability to model any process that is represented in a 
flow chart, with each process being defined as a set of tasks. These tasks are then 
executed by the model sequentially, with the model being capable of solving any 
algebraic expressions and applying these within the simulation. This is a useful facility 
as it can be used for costings and tracking of resources [MICR,1988j. 
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WITNESS 
WITNESS is a menu-driven user interactive simulation package. It is a general purpose 
modelling tool that can be used to model any facility, whether a supennarket with 
random arrival times, or an MCMS. The basic structure of WITNESS is that the user 
inputs the details of machines, conveyors, men and parts utilising the interactive menus. 
This provides an easy- to-use modelling package where the user can select whether it is a 
pull or push management that applies to their facility or equipment. From use of the 
system, it is evident that if a simple flow-line or manufacturing cell is to be modelled, 
WITNESS is an ideal tool. The user would input the details of the facility via the screens 
and then utilise an icon based system for showing the graphical layout. The simulation 
can be run at various speeds so the user can see graphically what is happening if required. 
To achieve flexibility, WITNESS utilises the SEEWHY facility which is based on 
Fortran and is used to build in the complexities via macros that can link in with the 
simulation. Overall, this package is flexible and can model anything, but requires 
expertise if not examining a simple situation [ISTE,1988]. This has been highlighted by 
attempting to model tool flow within a transfer line [MANG,1992]. WITNESS was 
found to be complicated if more than one tool change at a machine needed monitoring. 
HOCUS (Hands Or Computer Universal Simulator) 
The approach adopted by HOCUS is one which describes the system in tenns of entities, 
machines, men and robots, and the activities that they are engaged in load, unload, 
machining and transportation. Flow charts are constructed using circles to represent 
queues and rectangles to represent activities which depict the states that entities can 
engage. A second flow chart is constructed to illustrate the interaction that occurs 
between the entities. The flow chart models are then entered into a computer model after 
they have been validated by means of hand simulation, where entities are moved by hand 
through the processing sequence, using START time, the TIME an event can end and 
END which ends activities at a predetennined time. The model details are entered via 
coding sheets which result in a data file and revalidation for any errors that may be 
present. After the model has been validated by the computer and the inputs are complete, 
the user can define outputs that need to be examined such as machine utilisation, 
throughput times and work-in-process [KOCH,1984; PEIN,1988]. Cincinnati Milacron 
use this system in their quotation customer selling phase. The flexibility is achieved due 
to expertise within the company on use of the package. 
17 
MAST (MAnufacturing System design Tool) 
MAST is oriented toward manufacturing simulation and utilises three modules within its 
makeup; SPAR, MAST and BEAM. 
SPAR: focuses on system planning at the initial stages undertaking "rough cut" measures 
such as a capacity plan of the proposed design. The inputs required include the time 
horizon, part details, pallet capacities and approximate times. The output from this 
module enables the user to have an idea of machine, transporter and pallet requirements. 
This data is then input into the next module, MAST, and is automatically configured as 
input into this module. 
MAST: is a Fortran based model which requires no programming and utilises the inputs 
from SPAR. The installation is validated in terms of six decision areas, part balance, 
operation sequence, station selection, transporter selection, in-process storage control and 
traffic control. These are used under the following conditions: 
Part Balance 
Operation Sequence 
Station Selection 
Transporter Selection 
In-process Storage Control 
Traffic Control 
is used each time a part is input to the 
system. 
is used to determine the next operation of a 
part. 
selects the next station the part is to visit. 
selects a transporter to move the part. 
decides which parts, if any, are to wait. 
decides on allocations of transporters and 
their functions. 
Each of the decision commands utilises algorithms to apply scheduling rules such as First 
In First Out and Priority selection. The operational rules are selected by the designer. 
The output measures from this include a production summary, part production 
information and utilisation figures. 
BEAM: is used for the animation of a facility (Background and Extended Animation for 
MAST) and animates all the activities which took place in the simulation. The data from 
MAST is used for the production of the graphical layout. In conjunction with the 
animation, statistical performance charts can be shown. MAST is one of the packages on 
the market that can provide an approximate tooling requirement and can model the work 
in parallel with the tools using a tool window for production and finding the tooling 
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requirements for the time period [CITR,1989]. The advantages of this package are the 
"rough-cut" initial design phase which is useful when eliminating alternative designs, and 
the tooling requirements over fixed time periods. 
The market is now offering more robust packages for use within indusoy but is still at the 
early stages of tool management with various alternatives on offer. These range from 
commercial tool management systems such as TOMAS by Sandvik [SAND,1991] and 
ISIS by Toolware [TOOL,1991J. 
From the simulation packages described it is possible to model 'anything', especially if 
use is made of user defined macros in packages such as WITNESS; or in the case of 
specific languages the user is able to achieve the maximum from the programming 
environment. 
Within the simulation packages there are none that have various tool management and 
tool issue strategies in-built which allow the designer to study alternative control 
solutions for the facility. 
Although alternate solutions could be user defined as described previously this would 
require a vast amount of knowledge and experience with a specific package or language. 
The work described in this thesis will provide a facility that will eliminate the need for 
this familiarity with a product to enable the examination of various cell management 
approaches upon a cells performance. 
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Chapter 3: Literature Survey 
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3.1 Introduction 
The following literature survey reviews the main areas that relate to the research within 
the thesis. The design methodologies for FMF are described, where the data flow for the 
whole plant is examined, and the advances in technology from both a hardware and 
software approach are illustrated. These advances have aided in the integration between 
various levels within the manufacturing hierarchy. This hierarchy is addressed and the 
control issues within cells are placed in the context of this hierarchical framework. A 
review of modelling techniques used in the design and operation of FMCs is described. 
3.2 Design of Flexible Machining Facilities 
Before one enters the detailed phase of a factory, system or cell, it is necessary to 
examine and identify the areas of the system which will integrate with other areas within 
the company. Within an integrated design, key issues such as data flows and material . 
flows, both into and out of the system under proposal are studied. 
With considerable advances being achieved in both the hardware and software 
technologies, and the increasing complexities that can arise due to the flexibility possible 
with this progress, there has been a need to provide methodologies that will aid the 
designer in this design process. The overall aim of the design methodologies is to enable 
the linking of "islands of automation" [CARR,1988], provide effective integration and to 
offer an output of a cost effective design that will achieve the user objectives in terms of 
system performance and cost. 
The application of these methodologies should incorporate two main features. Firstly, 
they give the designer a systematic approach for examining existing facilities which 
highlight the information flows and, secondly, the designer can follow the steps involved 
to output an improved or new system design. The objective of this section of the 
literature is to introduce some of the design methodologies currently being applied within 
the industrial and research community. 
Various methodologies in overall system design have been applied by researchers such as 
Ranky [RANK,1990a), Doumeingts [DOUM,1987], Besant [BESA,1991), Keheo 
[KEHE,1991], Parish [PARR,1992] and Wu [WU,1992]. 
Ranky [RANK,1990aj utilises the Integrated Computer Aided Manufacturing DEFinition 
(lDEFO) tool to describe his methodology for the building of a generic CIM system. The 
26 
~ -~ _. - - ------------------------
IDEFO approach is used to identify components within the system and their function. 
Four types of arrow function are used for the construction of an IDEF model, "inputs" 
which are transformed to "outputs". "Controls" which act as constraints or prerequisites 
on the system and finally, "mechanisms" such as gantt charts These are tools which are 
used to enable the function to occur. Figure 3.1 illustrates the format of an IDEFO 
approach. The key steps that he proposes are to firstly plan, then design and finally 
integrate, the CIM system. The information and tools that will be required to complete 
this methodology are inputs, such as expertise, project management and existing FMS 
information. The mechanisms could include, gantt charts, petri-nets and IDEFO. The 
controls/constraints will include resources available, technology, finance data and user 
requests, and, finally, outputs which should be a modular FMS-system system design as 
well as static and dynamic models. Figure 3.2 depicts Ranky's breakdown of elM design 
using IDEFO. Ranky [RANK,1990b] proposes the use of five steps within the design 
process, namely: 
1. Initiate the project. 
2. Analyse and identify requirements. 
3. Analyse existing FMS system. 
4. Initiate FMS design. 
S. Design and test the system. 
He then proceeds to break each of the steps into systems which are then further 
decomposed. This is intended to ensure that the problem is accurately defined, that 
objectives are met and that the technology proposed is both available and suitable. 
Although Ranky uses the IDEF approach for outlining the design structure and data 
flows, he applies other tools, such as simulation, to confirm that the objectives have been 
met and to confirm the costs and benefits of the selected design. This is necessary as the 
IDEFO can show the data flows existing and identify any flow linkages still necessary. It 
does not offer a dynamic solution to model validation although IDEF encompasses 
IDEFl and IDEF2, the former being used for modelling information flows and the latter 
for the dynamic behaviour. 
The GRAI (Graphe it Resutats et Activites Interlies) methodology applies both a top-
down and bottom-up approach [Doum,1987]. This is possible by using GRAIgrids, 
which focus on the top-down approach identifying Decision Centres (DC) required, and 
GRAInet which is a bottom-up approach describing in detail the activities undertaken in 
each DC. The methodology proposed for the design of an Advanced Manufacturing 
System (AMS) has two phases, analysis and design. The analysis phase examines the 
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activities in each DC and highlights the structure and any weakness present. The design 
phase then overcomes these weaknesses to meet the objectives. The method is 
complemented by using tools such as simulation models and economic evaluation 
techniques. Again, as with the IDEF approach, the design methodology is used for the 
initial structuring and simulation techniques being applied for dynamic details. 
The CAM-I methodology for the conceptual model of an AMS proposes nine steps 
[DOUM,1987]: 
1. Develop the conceptual model. 
2. In the area of factory management, define the hierarchical structure. 
3. Describe the events/activities that must be managed. 
4. Formulate a basic algorithmic solution and describe the information flow. 
5. Define the interface requirements. 
6. Evaluate available hardware in terms of their data collection and 
processing capabilities. 
7. Describe the user/system interfaces. 
8. Assess the financial feasibility. 
9. Identify design factors from a human oriented approach. 
Besant et al [BESA,1991] focus on a systems design methodology from the angle of the 
operator. Unlike the CAM-I approach, where the operator functions are considered in the 
later steps of the design, Besant highlights these at the early stages. The methodology is 
formatted with a top-down approach, adopting the five levels proposed by the National 
Bureau of Standards (NBS, now NlST), namely, Facility, Shop, Cell, Workstation and 
Equipment [JONE,1986]. His focus is directed towards cellular manufacturing under 
distributed control where the system integrates with the skilled operators who are used in 
the running of the cell. The design emphasis is on assessing operation skills and using 
them within the system design and operation. 
Kehoe et al [KEHE,1991] apply the Structured Systems Analysis and Design Method 
(SSADM) [ASHW,1991], which is a technique widely used within computer system 
development projects. They use this approach to defme the requirements of the 
information systems within the design of AMSs. The methodology they propose has 
three key phases: 
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1. the feasibility study, 
2. systems analysis, and 
3. systems design, 
using tools such as Data Flow Diagrams (DFD). The feasibility study investigates the 
current system and identifies problem areas and projects to be undertaken. System 
analysis creates a problem/requirements list and focuses on user requirements, outputting 
a proposed systems design specification. The final phase focuses on the detailed design. 
Kehoe and his group have applied this methodology for the requirement specification of 
tool management systems and suggest that it should be applicable to scheduling and 
material management. 
Parish [PARI,1992] identifies four major phases that must be undertaken to achieve 
successful implementation of an FMS, Awareness, Planning, Installation and Operation. 
He places emphasis on integration with the total factory planning using a top-down 
approach and implementation from the bottom-up. His methodology recommends the 
use of tools such as simulation to aid in the design process in terms of selection of the 
fmal layout, performance measures and operational strategies, as well as placing 
emphasis on user/supplier dialogue. 
B.Wu [WU,1992] reviews a number of AMS design methodologies, namely, GRAI, 
SSADM, SADT, IDEF, DRAMA and Petri-nets, concluding that there is no single 
methodology where the designer can be taken step by step through the entire design 
process. The area he queries is the lack of evaluation of the designs proposed in terms of 
quality, where only SSADM makes any evaluation of the system and that is in terms of 
benefits and costs. To overcome this "gap", Wu has offered a methodology which is a 
hybrid of the two approaches discussed previously, those which set objectives and create 
the ~ystem design in isolation from what is currently in operation, and the other which 
considers the present system sometimes leading to constraints being placed on the 
proposed system. Wu places a great emphasis on the design and evaluation phases and 
applies the 5W approach to model and analyse the present system in terms of how it 
operates and how it is failing to meet its objectives or future requirements. The 5Ws are 
What, i.e. the current system, Why and Whether, i.e. is it suitable for a systems approach 
and finally, Which and What, these are used to identify areas of interest. The final stage 
here can utilise tools such as IDEFO for static analysis and simulation, or petri-nets for 
dynamic analysis. 
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The output at this stage will be the current system details, the problems with the system, 
and the requirements from it which will enable the objectives to be set. Once the 
objectives are set, the conceptual model is undertaken which identifies the necessary 
building blocks for the system and decisions such as make or buy must be made. 
The final stage proposed by Wu is that of the detailed design where the layout and 
control details are input, hence advancing the conceptual model to a detailed design 
specification. These are constrained by current technology. The detailed design has 
three key features, selection of the technology, transport and storage, organisation and 
layout of the plant and finally, detailed design of the control system. The output at this 
level should be accurate enough to enable system implementation. The final step that 
Wu proposes is evaluation and decision making. The system is evaluated in terms of 
both tangible and intangible factors, cost, payback, other user defined elements and 
fmally, whether the initial objectives are met. Wu's objectives are to improve the quality 
of the designs produced which will lead to a reduction in poor system specifications 
hence leading to reduced system costs due to failures. These objectives are in line with 
the majority of the methodologies described above, yet with his structured approach and 
recognition of the needs to learn from existing systems without restriction on design, Wu 
achieves a simplified approach utilising tools available. 
Other approaches that can be adopted within the design of an FMS focus on the 
integration aspect and the compatibility of multi-vendor equipment Iones et al [lONE] 
focus on the issues of the system architecture within CIM, emphasising a heterarchical 
structure where integration of the business, production, information and communications 
is aimed for. This heterarchical structure is where each of the communication levels are 
accessed in parallel with no hierarchy being in place. This is depicted in Figure 3.3. 
Their methodology utilises a variety of tools, incorporating the "best" from mathematical 
programming, expert systems and simulation tools. They adopt this approach to enable 
the various levels of detail required to be modelled. The design methodologies that have 
been reviewed all tend towards integration of manufacturing facilities. The majority of 
approaches guide the user in step form into the areas that need to be studied and then tend 
to leave the user to achieve his/her objectives via the application of various tools. These 
tools are selected by the user as they feel fit. In many of the methodologies such as 
CAM-I and IDEF, they offer a structure to be followed which outputs the information 
flows through the facility. It enables a static evaluation of the system but the designer 
must evaluate, simulate and encompass various tools in the analysis of the system. As in 
the above, Kehoe and his team at Liverpool again provide a structure which examines the 
flow of data. It does not enable the user to evaluate their design in "real-time". 
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3.3 Control of Flexible Machining Facilities 
CIM is now being seen as an achievable goal by the application of Open Systems in 
manufacturing. This has been met by applying MAP and TOP with the international 
standard, seven layer OSI model. This provides all the standards for data 
communication: layer 7 being for applications, layer 6 for presentation which restructures 
the data into a standardised format, layer 5, which is called the session layer and 
synchronises and manages the data, layer 4 for data transportation, layer 3 networking 
where the data is transferred between nodes on the network, layer 2 which is the data link 
reducing error rates and finally, layer I which is the physical layer, the actual networking 
cable. MAP and TOP have been used to provide a set of rules for data communication 
between equipment from multi-vendor sources. These rules at present can be interpreted 
in different ways so it is necessary to look at products that have met with conformance 
tests. 
With the availability of the standards and the greater possibilities of complete "Computer 
Integration", focus on control and communications within a distributed factory have been 
given some emphasis. Brian Kellock [KELL,I988] examines the issues of CNC, DNC 
and CIM in control. His view is that complete CIM is only possible with "green-field" 
sites. To overcome this, he emphasises the need for use of CNC to achieve complex 
multi-axis machining operations unachievable when using a machine under manual 
operation. Linking with DNC can enable the transfer of programs to machines. The 
linking of CNC to DNC would lead to factory mode integration and enhanced 
productivity according to Kellock. Although OSI, MAP and TOP have aided in the 
interconnecting problem for CIM, there is still a communication problem. To overcome 
this problem in controlling multi-vendor equipment, an international standard, 
Manufacturing Message Specification (MMS), specified as part of MAP3.0, [ANON,I] 
was developed, providing a common language of protocol for communication between 
programmable devices. This enables communication between multi-vendor equipment. 
Within the integrated factory, the contemporary control is that of a "top-down" approach, 
where the control is hierarchical in nature and the majority of the decision making occurs 
external to the cell. In this approach any decision making is made external to the cell 
with the work being scheduled prior to being issued to the cell, based on due-date or first 
come first served rules. The cell controller is then responsible for issuing the work in this 
pre-determined order. Top-down approaches to management, such as MRP, are used and 
have illustrated that in a factory where there is constant demand and minimal change to 
the system, this mode of control is adequate [GRAN,1990j. The use of MRP systems has 
illustrated their weaknesses in terms of being unable to be reactive and take account of 
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"real-time" events such as machine breakdowns on the shop floor. Michell 
[MICH,1991]. describes the need for a factory execution model which will take account 
of real-time activities on the shop floor as well as interact with the long term planning 
software in place. In cases where there are a large variety of parts, major set-ups involved 
or disruptions on the shop floor. the weaknesses of the "top-down" approach are 
highlighted. The major problem being that the shop floor control systems do not utilise 
their ability to decision make with this decision making being undertaken in a steady 
state environment funher up the hierarchy, as illustrated in Figure 3.4. 
A number of researchers have focused on combining the best of MRP and JIT systems 
producing a hybrid of a "top-down" and "bottom-up" approach. With Chaharbahi et al 
[CHAH,1989] focussing on the due date of the job, identifying make-to-order. design-to-
order, make-to-stock and assemble-to-order modes of control within a factory. Their 
design making is on work allocation where a job is released at the decision point if it will 
meet its due date now but will not at the next decision point. The output of their studies 
have shown that there is an increase of jobs produced when using the J1T philosophy , 
without reducing the resource utilisation figures. 
Work by Meyer [MEYE,1988] applies a similar approach which examines the traditional 
approaches of MRP where there is no plan for change. Kanban where everything should 
be perfect, no defects or changes. OPT where there is a combination of MRP and Kanban 
approaches, a mix of top-down and bottom-up. They propose the use of a control 
approach called CIM932 which offers a flexible OPT with the application of real-time 
feedback from the shop floor. To enable this to occur they use an intelligent workcell 
controller where an expert system is implemented on the shop floor which, via a user 
interface, acts as a decision aid to the foreman. 
The use of open systems and a multi-leveVmulti-layer shop floor control architecture is 
described by Jones and Saleh [JONE,1990]. They use this approach for the distribution 
of decision making and control combining a hierarchical structure with different planning 
horizons with the heterarchical structure which has no supervision system but cross 
communication. They conclude that applying this approach to control, one can localise 
modules and reduce the knock-on effect of control systems such as MRP as the 
disturbances that occur can be lOCalised. Jones also examines the use of the NBS 
hierarchy with McLean [JONE,1986], in this case they attempt to overcome the problems 
of integration by providing a generic factory model incorporating intelligent control and 
enabling limited feedback within the hierarchy. This again combines the top-down 
hierarchical approach where the facility function controls the front-office, the shop 
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coordinates support jobs on the shop floor and the cell sequences the jobs. The 
workstation and equipment levels include machine tools and interfacing with the 
workstation controllers. To enable integration to take off, they focus on the use of real-
time control and the application of intelligent systems to enable planning, optimisation 
and reactive systems to combine together, and to enable "plug compatibility" between 
vendors [MCLE,19851. 
Bowden and Browne [BOWD,19911 describe an approach to factory coordination. The 
traditional approach in this area of manufacturing has been functional, where decisions 
were made external to the shop floor and were in general less effective than those being 
made at source. Bowden and Browne disagree with this approach as the data, production 
control and product design were examined independent of each other. They argue that 
there is a special relationship between these functions and that it can be established 
within a factory coordination. Three levels are identified, namely, strategic, tactical and 
operational, and these are applied by the use of three modules, the scheduler which acts 
at the factory level, the dispatcher which controls the flow of work in real-time and 
fmally, the monitor which monitors both the factory and schedule status. This 
relationship is achieved by examining the product design task and the production 
environment. In this area the emphasis is placed on production management, design of 
workpieces, tools and so on. From Browne's definition of a hybrid PMS, this is based on 
MRP, OPT and HT. In elM this would embrace the tactical production issues where the 
master schedule examines the products over a medium term time scale [BROW,19901. 
The NBS approach of using five levels of control is investigated by Isenberg and 
Huebner [ISEN,19881. They examine the use of a knowledge based controller to aid the 
foreman in controlling the dispatch of work to the cell. In traditional systems where the 
higher level planning offers an approximate output requirement for a month/week, this is 
sometimes equated to give the daily requirements, causing the operator to undertake 
multi-criteria decision making. The solution provided here is to use a decision support 
system where the foreman can examine the effects of machines being down for 
maintenance and schedule, or schedule after an unexpected event on the shop floor. The 
overall aim of their work is to meet objectives with regard to due dates, throughput 
requirements being dictated from the higher planning levels but taking account of the 
real-life situations. 
This lack of feasibility in predicting the daily job requirement from upstream 
approximations to the actual cell is voiced by Isenberg [ISEN,19881, stating that 
production planning systems are based on rough models of the manufacturing process, 
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and that downstream these weekly approximations cannot be readily employed in real-
time where the actual cell operation exhibits greater complexity. The inflexibility and 
inability of contemporary shop-floor systems to react under unexpected disruptions from 
the shop floor is being tackled by the European Community. The work in this area is 
investigating the use of computer control within the decision making hierarchy and 
pursuing the need to have decision making at the lowest possible level. The work within 
the ESPRIT community is focussing on "real-time" reaction based control. The reference 
model which i11ustrates the dependency within the hierarchical structure that is used 
within the ESPRIT work is depicted in Figure 3.5. It illustrates the integrated approach 
of the business combining the top level decision making and master schedule with the 
shop floor control and bottom-up production management techniques such as JIT 
[ANON,1990]. 
Other work within the ESPRIT community has focused on the problems of "bottom-up" 
and "top-down" approaches. Much of the work has aimed at bridging the gap between 
the upstream cell control and the real-time downstream control. Projects such as 
EP2338, Integrated Manufacturing Planning and Control Systems (IMACS) and CIM 
Controller, EP 2434 are investigating the integrated operation of the two modes of 
control. Control Systems for Integrated Manufacturing (COSIMA), EP477, realises the 
need to overlap the upstream cell control of static planning and theoretical scheduling 
with real time operation. In this case this overlap is based on the Production Activity 
Control (PAC) architecture by Browne where the operational level links with the tactical 
and strategic. They emphasise that the first line of control should be that of shop floor 
management focusing on building blocks such as the scheduler, dispatcher and monitor 
[MCCA,1986]. 
The aim of the ESPRIT (EP 2434) work is geared toward providing decision making on 
the shop floor, incorporating distributed control and knowledge based systems, or, in the 
case of Control Systems for Integrated Manufacturing, it focuses on the overlap within 
the hierarchy between the static planning at the higher levels and the real time operation 
on the shop-floor. The future of this work is aiming toward the application of knowledge 
based systems within the overall control of the factory from the top-down planning to the 
"real-time" operation of machining cells [JONE,1986]. 
The ESPRIT work is the foundation of future research and for use within the "factory of 
the future" which will provide, in time, an interactive "leaming" intelligent controller for 
factories/cells. A major disadvantage of the work is that it examines and identifies the 
need to have decision making at the lowest possible level, linking between static planning 
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the dynamic operation of a cell but, for the average work dominated cell, it does not 
consider any exceptions or more complicated operational cells such as those utilising 
dual work and tool flow. These modes of ceJI management and conditions require more 
detailed consideration and are the subject of later chapters. 
3.4 Modelling Flexible Machining Facilities 
Control decisions, as have been highlighted, firstly have to examine the level of control 
being offered and also identify if it is long term planning, real-time on the shop floor or a 
combination. Researchers involved with the complex control problems have for some 
time used modelling approaches to examine the control rules that are the "best" for their 
particular application or system. 
Buzacott [BUZA,1984] identified three modeJling approaches that could be adopted, 
simulation, analytical and a hybrid of the two. He emphasises that the main focus should 
be bridging the gap between real-time operations of a cell and the research being 
undertaken into its contro\. One point that is evident is that analytical approaches are not 
always industrially applicable as they tend to make. too many assumptions or 
compromises. 
Another area that has become evident in recent years is the operator function. 
Researchers such as Ammons [AMMO,1986], have focussed on the design and control of 
systems that are expecting user interaction. They focus on the need for trade-offs 
between scheduling rules, heuristics, algorithms and human supervision. The approach 
adopted is one of finding rules that are appropriate for control whilst being used by the 
operator in real-time. 
As described above, the range of issues that are involved in the design, operation, 
modelling and control of FMF can vary in terms of the time horizon and the detail of the 
system. This section of the literature will feature areas of research involved with both 
"rough" and "detailed" modelling of these facilities. The research areas that will be 
examined are: general modelling issues, work flow modelling, tool flow modelling and 
dual flow modelling. 
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3.4.1 General Modelling Issues 
Modelling of FMFs can be described under the following modes of classification, namely 
analytical, simulation, emulation, object-oriented, expert systems and various hybrids 
which combine the "best" of some of these approaches. 
Arnauld and Bloche [ARNA,1986] compare various methods of using simulations as an 
evaluation for FMSs. They examine the use of techniques such as statistical calculations 
(such as CAN-Q, a mathematical queuing theory used in modelling), Mean Value 
Analysis (MV A, an extension of CAN-Q building in more detail such as transporter 
distances and time variations) and simulation languages such as petri-networks and 
SLAM. They examine the use of specialised simulators, for example SAME/AGV used 
for material handling modelling, and they also use an FMS oriented simulator for 
evaluating the FMS workstation and workforce. 
With each approach there are advantages and disadvantages. CAN-Q provides a means 
of obtaining rapid rough-cut results which are useful when eliminating alternative 
designs. MV A takes this a step further and introduces the variable transportation 
distances unlike CAN-Q which assumes a fixed time and distance. MVA provides 
rough-cut measures with more accuracy than CAN-Q. The use of simulation languages 
provide the user with a flexible approach for systems modelling, enabling user defined 
system approaches and rules to be input without any constraints. At present this requires 
an in-depth knowledge if a system other than a flow line without any major complexities 
has to be modelled. FMS oriented simulations are specifically designed for the 
modelling of manufacturing systems. Although they overcome the learning curve 
difficulties, there are trade-offs between the ease of use and the flexibility offered. These 
simulations are seen to be an effective means of evaluating FMSs. The outcome of 
Arnauld and Bloche's work verifies this. 
Ekere and Hannam [EKER,1989] have evaluated the main established approaches which 
are used in the simulation of manufacturing systems. They use case studies to evaluate 
the following approaches to simulation, the event, activity, process and combined 
approaches. The use of simulation languages and data driven approaches to achieve this 
are examined. The conclusions obtained by Ekere and Hannam are that the use of a data 
driven package would be more acceptable to beginners who have little or no computer 
knowledge. The use of the simulation languages although they required a longer learning 
curve, proved to be more flexible and versatile once the user had obtained sufficient 
knowledge in their operation. 
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The use of dedicated languages in comparison with a Fortran simulation model is 
described by Mamalis et al [MAMA,1987]. They compare their Fortran simulation with 
ECSL focussing on the control issues that arise in the operation of an FMS. The outcome 
of their work highlighted, as did Ekere and Hannam, the learning curve involved with 
using a dedicated language and the advantages that can arise of using a simulation 
package. With the problems arising from the use of a dedicated language or a restrictive 
"data driven" system, researchers focussed on overcoming the restrictive operations of 
user friendly systems. The work by Bell and his colleagues [BELL,1986] provided a 
suite of software tools providing a non-computer expert access to a design facility. The 
use of interactive input menus, automatic configuration of data and an interactive 
graphical layout were offered to aid the user in the use of the design tool. Two phases of 
modelling were given for the design and evaluation of FMS. The first phase was the 
"evaluator" which provided the user with a rough-cut model using the steady-state 
measures by applying tools such as CAN-Q and capacity planning. The second phase 
was the detailed design phase, the "Emulator", which is used to mimic the operation of 
the system. This approach has the advantage of offering the designer a tool which can be 
used within the early stages of the design phase, where rough-cut performance measures 
can be obtained. It also provides the detailed design requirements necessary when an 
initial system has been selected. Both approaches use the menu-driven input screens with 
common data being used. The detailed investigation requires a greater amount of 
operational data. 
Other researchers such as Kiran [KlRA,1989] have adopted a similar approach as the 
team at Loughborough, placing emphasis on the use of a user-friendly front-end, 
evaluating the system by using MV A, and finally, undertaking a detailed simulation 
applying SIMAN. The approach they adopt for simulation is hierarchical in nature. 
Firstly, alternate designs are proposed. Aggregate planning then takes place where the 
designers undertake capacity analysis. Short term planning is then investigated, deciding 
which parts to produce, detailing their operations and tooling requirements. The next 
step is one of scheduling where release and completion times are ascertained and job 
priorities given. Finally, real control on the shop floor in investigated. To highlight the 
applicability of their work, Kiran and his colleagues study three alternate deSigns varying 
from a high level of manual activity to highly automated. The outcome of their study 
indicates that this amount of investigation is paramount if one wants to achieve an 
integrated system and evaluate alternatives effectively. 
Kamper [KAMP,1990] examines "object oriented" model, building with petri-nets using 
the simulation tool NET. This work involves no programming but combines the use of 
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petri-nets, object-oriented modelling and utilises a graphical approach to represent the 
modelling issues. The use of petri-nets enables the graphical representation of the system 
by describing it in terms of the states that occur and the change of states. NET is a 
simulation tool that aids in the building of petri-net models. The object-oriented work 
uses the event-oriented package, SIMSCRIPT and a process-oriented package, SIMULA. 
Kamper uses the details of the objects and their attributes without forcing any particular 
world-view on the user. The process can be modelled explicitly and analytically and 
allows for concurrent modelling of activities. At present the work uses an airline 
demonstration but is seen as being applicable within the manufacturing sector. 
Expert systems also have a high profile within FMS modelling. Their area of application 
ranges from modelling to control and interrogation techniques. The latter section on 
interrogation techniques is coming into demand. The work of Mellichamp and his team 
[MELL,1990] have examined the use of expert systems for the interrogation of outputs 
from a SIMAN simulation model. The interrogator adopts a rule-based approach to 
assess whether the goals of the system have been met. This is achieved by using 
operational heuristics, with the inputs to the interrogator being diagnosed. The inputs to 
the interrogator are the outputs from the SIMAN simulation and the goals required. The 
design is evaluated in terms of the output cost of the system and, if necessary, the 
interrogator proposes a design that will meet the production and financial Objectives for 
the proposed system. 
Regardless of the modelling technique adopted, there are three modes of modelling that 
have been identified by the author when examining FMF design. These key areas are the 
modelling of work flow, tool flow and the interactive modelling of the work and tool 
flows (dual flow). 
3.4.2 Work Flow Modelling 
Commercial simulation packages and simulation languages can be used for the modelling 
of work flow at various levels within an FMF, whether it consists of FMMs, FMCs, 
FMSs or is a multi-cellular installation. Although work flow can be modelled, providing 
a means to evaluate different performance levels for systems under various operating 
strategies, researchers are still trying to ascertain a methodology that will provide the 
"best" operational performance for manufacturing facilities. The work described in this 
section will describe some of the areas being tackled on work flow modelling. 
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Mamalis [MAMA,1987] focuses on the use of ECSL to investigate the control of 
workflow within an FMS. The Fortran model they use examines order-release strategies 
for entry to the cell applying rules such as the batch with the least operation time, and 
system operating rules where the flow of parts are governed by rules such as First Come 
First Served (PCFS). They conclude that the entry of work through the cell and the 
control rules used can effect performance levels. 
Level one of an expert system approach described by Wang and Bell examines the flow 
of work only [WANG,1992]. They have a multi-level approach to modelling FMF with 
the first level being used for the initial sizing of a system. They ascertain the capacities 
required for buffers by assuming infinite capacity. In the area of tooling at this first 
stage, they assume tools are always available. Within their work they apply various 
scheduling rules for the work flow in the cell. 
Barad et al [BARA,1988] use a petri-net approach for modelling the flow of work, 
examining the effect that interruptions on the system can have on the performance levels. 
To ascertain how the system is affected by the disturbances they firstly construct the 
petri-net model and define a benchmark scenario, the next step being to introduce 
disturbances into the system. The example they use focuses on work flow only and the 
effect that the disruptions had on the machines, the process, transfer, routing and volume, 
the overall objective being to interpret how flexible the facility was. 
Montazeri and Wassenhove [MONT,1990] have analysed scheduling rule performance 
within an FMSs. They used a discrete event simulation package to ascertain the effect 
that different scheduling rules could have on the system performance measures with the 
aim of finding the "most effective" rule. On their review of scheduling rules they found 
twenty key rules that were investigated in current literature. They exclude any due-date 
based rules as they were influenced by the method of fixing the due-date. Of the fourteen 
rules left, they examined the decision points for the next part to be processed, next part to 
move, next part to reclamp and the next part to be loaded. After numerous runs they 
concluded that no single scheduling rule was dominant and that the selection would 
depend on the system being studied and the performance measures being used. 
System performance and evaluation measures tend toward a single objective or 
performance criteria as the mode for comparison, such as machine utilisation or 
throughput rates. Work by Evans and Brown [EVAN,1989] emphasises the need to 
overcome this and move toward a multi-objective decision making process in the design 
of FMS. These criteria would involve aspects such as maximum throughput, minimum 
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work in progress, if due dates were met and minimum transporter travel. Evans and 
Brown recommend that due to the conflict that will arise between objectives, it is 
necessary to achieve optirnisation over multiple criteria using trade-offs. To enable this 
mode of operation they use MV A and a numerical search routine, Multi Attribute Value 
(MA V). They identify two types of multi-criteria modelling, namely, prescriptive, which 
optimises whilst operating under constraints, used in scheduling and planning, and 
descriptive which is used in the evaluation of a design or operational decision using 
analytical techniques or simulation. In this case they use the descriptive mode, using 
MV A where it is necessary to give details of the part types, average processing times and 
number of transporters. The output from this model will include the prodUction rate for 
each part type, resource utilisation and queue lengths. MA V is applied within the model 
to implement the designer's preference with regard to trade-off priorities. At present the 
modelling is used as an evaluator tool for the performance of work flow through a cell. 
The approaches above enable the designer/operator to evaluate or predict the system's 
expected level of performance, but ascertaining the "best" approach for selecting 
scheduling rules for a cell is still under investigation. Ravi [RA VI,19911, along with 
other researchers, proposes a two phase approach where there is a "rough-cut" measure of 
the system's performance using queuing theory and then, if greater detail is required, they 
use a simulation approach. Unlike the majority of studies that examine the flow of work, 
Ravi also models the tool transporters as well as the work transporters where the tools are 
assumed to be always available. The aim of their work is to reduce the lead time of 
products and examine the effect of constraints such as the number of transporters on 
system performance. 
The dispatching of work within the cell is examined by Chandra and Talavage 
[CHAN, 1991]. They use an intelligent dynamic scheduler that schedules the work in 
relation to the status of the system by looking ahead. The introduction of expert systems 
for examining work scheduling is aimed at overcoming the problem that human operators 
often cannot review all available data in real time. A reduction in tardiness is aimed for 
in the work, with the scheduling being based on work priority and system status. If two 
parts have the same priority, then secondary measures such as Shortest Processing Time 
(SPT) are used. 
Work flow within cells does not only examine the rules for governing the flow of work 
within the cells but the introduction of work to the cells. Work by the Loughborough 
FMS research group [NEWM,1992] has examined a multi-cell approach for work 
scheduling. The majority of their work has focussed on distributed control of cells, with 
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the decision points covering the release of work to the cells and the scheduling of the 
work within the cells. The key aim of this area of their research is to focus on 
manufacturing for assembly with the work being scheduled to meet assembly demands. 
Within the areas of work scheduling, the research has focussed on work-dominated cells 
and achieving the optimum scheduling of workpieces within a cell. These approaches are 
suitable when there is little movement of tooling, available fixturing and other attributes 
such as transportation and manual labour, or when the aim is to achieve maximum work 
throughput. 
The above modelling approaches would enable a user to study their FMC in terms of the 
effect various approaches to the work scheduling and control would have on the cell's 
performance. The disadvantage is that they do not consider the effect these approaches 
would have on the tool requirements for the cell, the number of change overs required or 
how these could be managed if they are frequent. 
3.4.3 Tool Flow Modelling 
Since the 1980's tool management has become one of the new areas for integration within 
the ClM environment. This can be seen as the recognition of the various factors required 
in achieving the best from the FMS; tool management was seen as one of the main 
factors of this failure. The issue of the "best" performance covers the criteria of getting 
the right part and right tool on the right machine at the lowest possible cost within the 
given time and expected quality. 
Tomek examines the use of tool allocation strategies, especially since figures illustrate 
that the tooling can account for as much as 20% of the price for an FMS [TOME,1986]. 
The three strategies he reviews are batch of parts for a group of tools. several-part 
batches for a group of tools and the use of a common tool inventory. The aim of his 
work is to achieve high utilisation within the FMS whilst achieving a minimum level of 
tool exchange. Outputs illustrate that if one has a small number of parts. it reduces the 
need for tool sharing. The conclusion he reaches is that one needs to model the Tool 
Management System (TMS) to enable fine tuning and achieve the "best" possible 
performance. This approach and the emphasis on modelling the TMS re-emphasises the 
need to manage the tools within an FMC and be aware of the constraints they can impose 
in terms of under-utilisation. cost of production and unnecessary duplicate tooling or 
transfer of tools. 
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Hankins and Ronto [HANK,1984] review strategies that can be used in controlling 
tooling and validate this work via case studies. The five major areas they use within a 
TMS are tool room support, allocation of tools, tool distribution, fault detection and tool 
data flow. The tooling strategies that are investigated are bulk exchange, sharing tools in 
a frozen time window, migration of tools once the allocated workpiece has been 
machined and finally, resident tools. The outcome of their study showed a 33 - 72 % 
saving when sharing tools. 
This reduction in the tool inventory and costs whilst sharing tools, again reiterates the 
need to manage the tools and rationalise the tooling within a cell. The sharing of tools is 
fundamental in achieving this but it is also necessary to examine when the sharing 
occurs, which workpiece should gain priority and avoid unnecessary tool traffic with 
tools frequently being transferred. 
Ranky [RANK,1986] defines his view of the key tool management tasks placing 
emphasis on the "generic" features involved in TMS. For the design of TMSs he 
emphasises the need to identify "who, when and what for" in terms ofTMS requirements. 
Expected users of tooling data include, process control, stock control, tool assembly and 
the production plan at cell level. At system level he identifies tool management to cover 
aspects such as tool transportation, tool data and maintenance. To utilise tool 
management information he outlines a tool data base and query system listing, the most 
important design principles showing the use of TMSs. 
As with Ranky, Rhodes [RHOD,1986] highlights the various levels of complexity that 
can arise and how these vary with the system being examined. The issues that Rhodes 
focuses are on the tooling parameters in terms of the number of parts and batch operation 
time, the tools required per batch, the tooling capacity for the machine and the total 
number of tools in the system, the tool rates for tool exchanges in terms of batches and 
toolwear. He also examines the approaches for tooling where there is basic tool flow, 
automated data handling and control, and the physical automation. The final areas he 
studies for defining FMS TMSs are the standardisation of tools, tool tracking and 
adaptive control. His work concludes that tool management requirements are dependant 
upon the system involved, the variety of work and the number of tools. In line with other 
research findings he concludes that there is no single standard solution to the design and 
the specification of a TMS but that issues can be overcome by examining the system 
characteristics and approaching the specification systematically. 
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Automatic tool identification systems are now being used to identify the tool, type and 
other parameters. The technology includes bar coding, memory chips, punched cards 
and vision systems. Tool monitoring is commonplace within FMS, the majority using a 
pre-determined cutting life for tools and checks for broken tools on the machine. The 
simulation of tooling systems has focussed on optimising the tool changeovers. 
With the tool changeover policies and the technological advances, it is necessary to 
structure the tool management system within the CIM environment. Five key areas are 
identified by Zhou and Wysk [ZHOU,1989J. 
1. Tool selection 
2. Control in the tool room 
3. Tool allocation 
4. Tool distribution 
5. Station control 
They conclude that whether the tool management system is manual or automated, a large 
or small system, one can apply the SADT tool management structure that they propose. 
They claim that the outcome will result in a reduction in system downtime, a reduced tool 
inventory and running costs. Emphasis is placed on the imponance of information flow 
and evaluating tool management strategies such as bulk exchange, tool window 
changeovers and the use of resident tooling on machines. 
Cuppan [CUPP,1987J has similar aims to Zhou and Wysk, examining tooling 
requirements within machine tool cells and FMS. The aims focus on reducing the tool 
inventory and examining the effects of alternative tool issue strategies. The tool issue 
strategies examined are bulk exchange, kitting, sharing tools in a frozen production 
window, cluster set on a batch kit, migration of tools once the workpiece is completed, 
resident tools and gross resident tools. 
Much of the research into tool management focuses first on defining the information 
systems necessary to examine the data required from tooling, structuring the management 
system and then focuses on the operational level of the tooi management system within a 
flexible manufacturing system environment. The key issue of tool sharing (tool 
migration) has illustrated that sharing of tools can achieve good performance measures 
with a reduced tool inventory and hence running cost. The examination of those 
strategies within a fixed time period or under limited tooling availability has forced the 
tooling to be considered as a constraint. Each of the scheduling approaches for the tool 
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issue described above has enforced this constraint on the manufacturing facility. As with 
the workflow, it is the author's view that the two issues of work and tool flow need to be 
considered in parallel and their interactions under various operational or management 
conditions investigated. 
The next section of this literature review focuses on the research in this area that has built 
on the above work from the tool management issues and has examined the work and tool 
(dual flow) modelling. 
3.4.4 Dual Flow Modelling 
As has been described in the previous sections, the modelling of the work and tool flow 
independent of the other has drawbacks when one is trying to examine the effect various 
management strategies can have on overall cell performance. The need to model the 
work and tool interaction has been highlighted and the areas of research presently being 
investigated are described below. 
A Discrete Generalised Network is examined by Ram et al [RAM,1991], where the parts 
are scheduled to the machine if the required tools are resident in the machine tool 
magazine. This model provides a rough-cut approach taking account of tool wear and 
machining time. The disadvantage of the approach is that it does not examine the 
exchange time for tools, pallets or fixture constraints. This disadvantage is illustrated by 
the results achieved by Alberti et al [ALBE,1991]. Their part and tool flow simulator 
uses the SIMAN language for dbase III for a part database and a tool database and 
Microsoft C for a user interface. They use an interactive menu-driven interface for the 
input of information such as part and tool details. The simulation uses loading rules such 
as priority of parts, machining time required and first available pallet and part. The 
decision criteria for the selection of transporters are based on the nearest station, shortest 
or longest process and the ones which will achieve the best production mix. Tooling 
modelling covers the tool handling from the storage device, selection of the tool with 
either the longest or shortest residual life, and in the case of replenishment tools, will not 
be issued if there is a capacity problem until the part is complete or a tool issue is 
mandatory. Output measures include the utilisation of equipment, the number of times 
there is a tooling problem and the throughput of parts. They conclude that by modelling 
the dual flow one can identify problem areas within the facility. This has led to expected 
performance measures on a system productivity being reduced by 15 %, giving levels 
which are more representative of real industrial performance measures. 
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Grouping of the workpieces and the tools is a focus of many researchers where the aim is 
geared toward minimising tool exchanges and easing the control of the dual flows. 
Ventura et al [VENT,1990] examine the grouping of parts and tools assuming that the 
tool store at the machine has infinite capacity, due to the assumption that tools can be 
changed whilst the machine is in operation. The focus of this work is to cluster the work 
and tools to enable a minimum change time or tools. 
Jain et al [JAIN,199J] apply an Integer program to examine the clustering of work and 
tools with the focus on cost optimisation, grouping the work based on tool requirements. 
The researchers identify the need to examine scheduling and handling devices, as well as 
examining the machine, tools and fixtures together. With the focus on cost they press 
the need to examine tooling especially if the tools are a significant part of the system cost 
or when the tooling has large lead times. 
A Mixed Integer program technique is adopted by Co et al [CO,1990] which examines 
the concurrent modelling of batching, loading and tool configuration. A four pass 
technique is applied due to the intangibility of modelling all these variables in one pass. 
The authors of the work realise the impracticality of the work for shop floor use but are 
focussing on the methodology for improved control of FMCs. The four passes are a 
"greedy" pass where jobs are assigned with no constraints, the second pass splits batches 
if possible, the third pass rearranges the tooling if there is adequate capacity and the final 
pass attempts to balance the workload by altering the ratio for any split batches. 
Although in this case there is no rationalisation of the tooling, they provide a quick 
analysis, balancing the work under tool capacity constraints and if there is adequate 
capacity and the tools are inexpensive, this approach could provide tool configuration 
and work sequencing to achieve maximum utilisation. Co also identifies that analytical 
models tend toward examining the design and operation of an FMC via a constrained 
model. In general the model constraints are necessary as too many variables lead to the 
model being mathematically intractable to solve. 
A mixed linear program formulation is also offered by Rajagopolan [RAJA,1986] who 
examines two heuristics for the grouping of parts and loading of tools within an FMS. 
The heuristics focus on the issue of parts in relation to the tool slots available and the 
processing time for the parts. The part selection criteria include: 
1. the largest number of tool slots required, 
2. ratio of tool slots, and 
3. sharing of tools. 
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All of these are examined with regard to the bottle-neck machine initially and then the 
load is balanced. Within the modelling, output parameters such as the completion time 
for parts and the number of groups required are used. The outputs achieved from a study 
of a seven machine FMS indicated that the processing time based heuristics was the 
"best" performer and that there was no real difference in the number of groups. 
Other tool strategies have been used by researchers for developing a technique to 
ascertain the tool spectrum required. Zavanella and Bugini [ZA VA,1992] focus on a 
work oriented approach where the pan flow is dominant, applying both a kitting tool 
strategy and the sharing of tools between machines. The kit in this case is a 
predetermined set of tools that are capable of machining the workpiece. They use an 
analytical model where the strategy used determines the time the tool is captive on the 
machine. If kitting is used, the tool is held for the duration of the workpiece processing, 
if tool sharing is used, the time the tool is held is that of the cutting time for the tool on 
that workpiece. They aim to enable the user to attain values for tool traffic density and 
identify the tools which cause delays, the less time a tool is captive on the machine the ' 
greater the traffic density. The outcome of the study identified that larger batches led to a 
regular flow of tools with a reduced number of tool kits but disadvantages occurred due 
to tools being unavailable as they were captive on the machine. If the cutting times were 
long, the traffic density increased due to replacing worn tools. 
The facility they offer is to enable users to find the optimum solution for their system. 
Zavanella and Bugini emphasise that a greater number of circulating tools does not 
always produce better system performance levels due to set-up, tool exchanges and high 
traffic density. The advantage of their work is that it can indicate to a user where the 
number of tools are no longer cost effective. This work enables the user to examine two 
different tool issue strategies and one tool management strategy enabling efficiency and 
costing to be examined. 
The part grouping and machine loading is examined in a more realistic way by Hwang 
[HWAN,1986]. Rather than grouping pans on the basis of similarity he examines the 
constraints. He focuses on part selection and machine loading assuming that tools cannot 
be loaded or unloaded whilst a pan is being machined. The aim of his model is to 
balance the machines by examining the tooling capacities, due dates and tool lifes, whilst 
minimising the set-up between batches. These criteria maximise the number of parts in a 
batch, increasing the number of tools required leading to a machine loading problem 
where one allocates the operations and the associated tools. The problem that H wang 
identifies by looking at minimising the tool set-up between batches shows that if the parts 
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tooling requirements are greater than the tool magazine capacity and the system keeps 
loading in new parts, the one with the greatest number of tools may never be processed as 
it involves the greatest set-up. The constraint model used by Hwang should overcome 
this problem although it has the disadvantage of assuming that the tools cannot be 
exchanged whilst a part is being machined. This may offer a "worst case" scenario as 
key tools may be captive and unnecessary duplication may occur. 
The work by Muchopadhyay [MUCH,1991] and his colleagues indicate that present 
methods of heuristics focus on a single criteria objective. In many cases this is only 
possible where one is prepared to improve the rate of output at whatever cost it takes, in 
the majority of companies there will usually be a constraint on financial resources. A 
tool-oriented system where the tools are assigned and the work is scheduled to the tooling 
is used in their simulation of an FMS which incorporates four machines each having a 
tool capacity, a central store and twenty different tool sets. The tools are allocated on a 
daily basis with the selection being determined by the part types and the highest priority 
tool sets. Priorities are determined by the application of weighting factors and the 
measures include workload on machines, the number of successive operations that are 
possible and the mean time between failures. 
Transporters are scheduled with the quickest time to the part being given priority. This 
approach to the tool management focuses on daily assignments which brings the decision 
making down to the shop floor level and is based on the current situations of the 
machines and workpieces. With the weightings of successive operations they are 
focussing on minimising tool changes without accounting for the due date of the 
workpieces. 
Stecke and Kim [STEC,199l] also focus on minimising the frequency of tool change-
overs whilst examining the sequence of work in a uni-directional flow system. This 
model highlights the effect of introducing new parts to the cell and examines control 
rules to determine whether tools should be changed with this introduction. It prioritises 
tool changes with respect to the work being processed but does not take account of due 
dates, flow of tools or tool capacity constraints. The main advantage of this approach is 
that the effect upon the utilisation of the system due to new part introductions can be 
examined. 
A complex system consisting of ten machines and one inspection machine is studied by 
Stecke and Solberg [STEC, 1981]. They examine operating strategies for allocating 
operations and tools to machines in real-time, with the constraint of limited tool 
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magazine capacity. Within their mathematical model there is no tool rationalisation and 
they assume that a part cannot visit the machine unless all the tools are available. Due to 
the system's complexity, they recommend the use of simulation as, in their view, it is not 
viable to use an analytical approach due to the number of variables. 
The use of analytical techniques enable the facility to be studied under constraints. These 
constraints allow for a limited fixed management strategy to be examined whether either 
the work or tools dominate. The use of restricting the time for tool changing or assuming 
that all the tools must be loaded before machining commences enables worst-case 
scenarios to be investigated. The results can be used in the initial dual flow investigation 
but for more accurate results, or for real-time expectations, simulation is a more valid 
tool. This is due to the flexibility of building in heuristics that are not always constrained 
and can look at the dynamics of a system. 
The dynamics scheduling of parts in a system which is aiming for high machine 
utilisation but minimising the number of tool cassettes required is described by Mottet ' 
and Widmer [MOTT,1991]. They utilise a work-oriented system where the parts are 
assigned to the tool cassettes. If the tools are not available the part does not enter the 
system. They highlight two ways of approaching the tool management, firstly preparing 
all the cassettes before production, leading to a high tool inventory and a great increase in 
costs, or secondly, preparing the tool cassettes when they are required, the outcome of 
this approach showing a reduced performance due to the time taken to load the tools. The 
strategy they propose is a hybrid of the two which allows the preparation of key cassettes 
in advance and to load the rest dynamically. The heuristics they apply for the loading of 
the key cassettes include the part requiring the most tools and the part that will cover the 
greatest number of other parts due to similar tooling requirements. Within their work 
they cover the dynamic aspecl~, the actual movement of work and tools, the tool 
management issues and the job shop problems where one-offs can occur. 
A five machine FMS with a transporter for moving parts to/from the machines, and a 
robotic material handling device for loading parts and tools on and off the machines 
provides the case study material for a SLAM Il simulation model studying part selection 
rules such as bulk exchange, tool migration, resident tooling and tool sharing. The 
outcome of this study finds that tool grouping for batches out performed the strategies 
using tool migration or clustering. For the exchanging of tools, the "bulk" exchange 
strategy was found to be the best mode of tool allocation. The researchers in this case 
advised the monitoring of tool change times especially if the FMS had a tool constraint 
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problem, as well as stating that trying to minimise tool changes was not always 
recommended. 
Perara [PERA,1988] evaluates the SIMAN simulation language and the use of MAST for 
examining an FMS in detail. He concluded that SIMAN, although very flexible, had a 
high leaming curve and could prove more complex, and that the use of MAST proved to 
be more user-friendly but was restrictive in its modelling capabilities. He recommended 
the use of a MAST hybrid approach which was capable of considering parts with 
multiple fixture requirements and modelling the flow of tools. The initial work examined 
tooling via a post processor [CARR,1986] where in this case they incorporate the tooling 
within the simulation. A study is illustrated where if an FMS has a high rate of tool 
exchange, the problem can be overcome by increasing the tool capacity or improving the 
operational strategies. They tend toward improving the operational strategies where parts 
are prioritised if they are an urgent order, or by the number of empty tool pockets on the 
machine tool. Other parameters that they consider include a balanced tooling 
requirement and meeting due dates. The overall outcome of the study showed that a 
reduction in tool exchange requirements is possible if a simulator offering a range of 
strategies for investigation is used. 
Gosh and his colleagues [GHOS, 1992] use SLAM II for studying tool exchanges within a 
job shop environment and examining various tool assignment approaches. They examine 
two job dispatching rules, minimum slack and SPT, and four tool assignment strategies 
based on job priority, job priority subject to tooling, avoidance of tool changes and a 
modified version of avoidance of tool changes which also considers the due date for the 
job. To validate their work with regard to different facilities, they examine the operation 
of a facility under no tooling constraints, moderate and high tooling constraints 
[MELN, 1989]. It was found that all performance measures were worsened whilst 
operating under the tight tooling constraint with the exception of the number of tool 
exchanges, and that the best performer was job priority subject to tooling constraints and 
the modified avoid tool change strategy. They concluded that rules which examined the 
issue with regard to tooling and part due dates achieved the best performance. 
The work of Gosh and Perara focuses on systems geared towards the workpiece-oriented 
systems where the tools are scheduled based on the work order. Gosh takes the 
examination further by scheduling the workpieces with respect to the tooling and trying 
to minimise the tool exchanges. Their work offers a further step in achieving perceived 
tooling requirements of cell tooling, but does not examine alternate modes of cell 
control!management. 
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Simulation of dual flow systems is also being undertaken by using an object-oriented 
approach. Object-oriented programming is being used for the simulation of an FMS by 
the adoption of simulation environments such as Smartsim. Ulgen and Thomasma 
[ULGE,1990] use an icon-based user interface for engineers to use their simulator where 
the engineer can input the static facility layout details via the interface and can then study 
the dynamics behaviour of the system. The work they describe does not consider 
alternate strategies but operates similar to a tool tracking system where the system 
monitors when tool changes are due and allows time for tool changing to take place 
whether for a single tool or a bulk transfer. In this particular study the model runs 3 or 4 
times slower than an equivalent SIMAN model. 
Wang and Bell [WANG,1992] focus on a multi-level approach to modelling where they 
examine three levels of detail. Level one undertakes an initial sizing of the system and 
assumes infinite buffer and tooling capabilities. Level two ascertains the tooling 
requirements for the system and the final level simulates a work-oriented approach where 
the tools are issued in kits and there are restrictions on buffer capacities and tooling 
availability. In their modelling they use a rule-based simulation. Wang's approach 
enables a rough-cut measure of the system's expected performance and then examines the 
details at level 3. Level 1 is similar to Carrie and Perara [PERA,1988] where the tool 
requirement is calculated once the work has been scheduled. The approach offers a 
facility that can examine work dominated cells and investigate from the initial planning 
stages to the detailed simulation. 
Rogers, Williams and Wesley [ROGE,1992] examine a single machine by using an 
object-oriented simulation which places emphasis upon the load placed on the tool 
transportation network. The simulation prioritises work and offers a tool ranking 
capability which is biased toward minimising the number of tool exchanges. The rules 
investigated include least number of tool replenishments, which, although biased towards 
tooling, builds secondary priorities which identify the amount of "disturbance" this will 
cause to the part scheduling and is dependant upon the tool magazine status. The 
disadvantage of their work is that there is no competition for tools as they use a single 
machine and no account if taken of due dates. This work could be expanded to 
investigate the effect various tool management and tool issue strategies could have on 
cell performance with more complex systems. 
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3.5 Focus of Research 
The work currently being undertaken within the research community focuses on the 
following areas; 
minimising tool exchanges. 
tracking of tools. and 
identifying bottle-necks due to tooling. 
Each of the above areas focus on a single criteria decision making process. The work by 
Stecke and Kim [STEC.1991]. and Muchopadhyay [MUCH.1991] focus on the 
achievement of optimising a single objective criteria; minimising tool exchanges. Tool 
tracking tend toward meeting a single objective. which can be company specific. but 
being aware of tool positions and status. 
The above offers solutions for optimising these single criteria objectives. however. to 
examine work and tool flow cells the use of multi-objective decision making is required. 
This will enable the designer to investigate the overall performance measures and offer 
more industrial based outputs. 
From the work that is currently being undertaken within the academic community and the 
introduction of tool management and tracking within present day cell controllers it is 
evident that there is a drive toward tackling the concurrent flow of work and tools. The 
ESPRIT related projects are offering groundwork for integrating knowledge based 
systems within the factories of the future. although they are biased toward work 
dominated cells focussing on quality and operational issues of work scheduling 
independently. Within the Operation Research community there is a drive towards 
fmding the optimum solution for the loading and control of both workpieces and tools. 
What is lacking is a solution to the design and operation of dual flow cells that can have 
high running and investment costs and require the multi-objective performance measures 
of meeting output requirements on time whilst rationalising tooling. Strategies for 
control of these cells and investigating their performance under various operating 
conditions are lacking from current modelling approaches. The main focus is based on 
analytical techniques striving for optimum performance measures which are too complex 
for shop floor investigation. It is this area of cell control for dual flow facilities that will 
be investigated by the author. 
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This research gap identified the need for a method of comparing the dual flow of work 
and tools under various operational strategies, and provide a facility for comparing these 
strategies. At present dual flow work has focused on either the workpieces gaining 
priority and the tools being scheduled to meet the machining requirements, or, the 
workpieces being scheduled with respect to the tools captive on the machines. What is 
lacking is the identification of the cell management strategies that could be adopted 
within a dual flow cell and a means of comparing these operating strategies. 
The work contained within this thesis aims to fill a section of this by identifying 
alternative operating strategies, and providing a means of evaluating these strategies in 
terms of the cells performance and economic enhancement. Economic enhancement is 
seen as an essential element where one is focusing on providing the throughput demand 
at the lowest cost. It is the authors view that a hybrid strategy of the work and tool 
dominated approaches to cell management; namely competitive flow; could offer an 
approach that will enable the most effective mode of economic performance. 
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Chapter 4: Loughborough Solution 
55 
4.1 Introduction 
This chapter describes the approach adopted at Loughborough to aid with the design of 
FMFs, "The Unified Design Tool Kit". An overall description of the research being 
undertaken will be given with the identification and description of the research area in 
this thesis. The software modules for the emulator will be described. 
4.2 Unified Design Tool Kit 
The team at Loughborough have provided a solution to the design, operation and analysis 
of FMFs. This solution combines the advantage of menu-driven packages but has the 
diversity to meet the demands of the designers at various levels. This is an integrated 
design facility which offers the user the opportunity to model their facility at various 
levels of detail and focus sing on different aspects of the operation. 
The design tool incorporates various models that the user enters via a front end referred 
to as MAUDE (Minimally Adequate User Directory Enquiry). Underlying all of the 
models is a common database which is used to store data input by the user and obtain 
data from model outputs. This database enables the modules to access common 
information without duplication of effort from a user. 
The design facility depicted in Figure 4.1 covers two main areas of work, namely 
emulation related fields and tool management issues. The scope of the design tools range 
from examining work flow only, tool flow only, dual flow (work and tools combined) 
and finally multicell facilities for either work or tool flows. 
4.2.1 Tool Management Design Tools 
Expen Scheduler - This is a static scheduler which uses the Knowledge Engineering 
System (KES) tool kit. It offers general statistics on overall ceIJ performance for a range 
of tool issue strategies. 
Cluster Analysis - The user inputs the workpieces and their associated tooling into a 
spread sheet package. The work and the tools are then ranked until either clusters of 
parts and their associated tools are evident or not. This is used in the initial sizing of 
cluster sets for batch production. 
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Tool Requirement Planner (TRP) - Uses the Loms 123 spreadsheet package. The output 
from this module is a roughcut measure of the number of tools required under specific 
tool issue strategies. These are examined for various batch splitting techniques. 
Tool Management Decision Support System - Uses the output from the TRP and Expert 
Scheduler as input. Using user defined criteria, it analyses the alternate strategies and 
their output results and suggests the most appropriate strategy to select. 
SimanlCinema Simulation - Dynamically mimics the expert scheduler. 
4.2.2 Work and Tool Flow Emulation 
DBMS User Interface - This is used as the front end for the user to input their data for a 
cell. It uses a "soft button" approach and keyboard data entry. The user is guided 
through the necessary data input required to run the models. 
The user is guided to specify the main objects to be modelled. 
Cell Configurator - Configures all the input data that is required. This data is 
automatically input into datafiles for use by the evaluator and emulator. The user is 
guided via menu-driven screens to input all the necessary data. 
Evaluator - Is used in the initial design stages. It offers static rough cut performance 
measures for the cell. Three options are available for selection, CAN-Q, which has the 
Solberry closed network queueing, Mean Value Analysis (MVA), which requires more 
detail on transporter travel than the CAN-Q, but offers more accurate outputs and finally, 
Static Capacity Analysis and Static Tool Requirement Planner (SCAN/STRP) which uses 
capa~ity analysis to give the expected performance but also offers an expected tooling 
requirement. 
Emulator - This is a detailed simulation (emulation) of the cells being examined. It uses 
a deterministic emulation. Three levels are available, cell level and multi-cell part flow 
only and cell level dual flow. The detailed models are automatically configured from the 
database. Graphical animation is available through interactive user input. 
Assembly Requirements Module - This is to offer a comparison between the output from 
the emulator to assembly requirements. It will be used to identify which parts would 
hold assembly or identify any over-production. 
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Expert Output Interrogator - Is used in comparing the outputs from the emulator against 
user defined objectives. The aim is to provide a tool which can be used to identify where 
any bottlenecks or problem areas are. 
Machining Cell Database - The database work incorporates two systems, ORACLE and 
INGRES. At present the two databases are used due to third party software having links 
with one database and not the other. The evaluator and emulator software utilises the 
INGRES facility whereas the tool management based work utilises ORACLE. Figure 4.2 
illustrates the approach adopted for the emulation of an FMF. 
4.3 Loughborough University of Technology Emulator (LUTE) 
The Emulator is a data-driven simulator designed and built at Loughborough. The three 
areas that the emulator can be used to examine are part flow only at a cell and multi-cell 
level and dual flow at cell level. The emulator can examine effects of various operating 
strategies upon the cell or in the case of multi-cell examine distributed control of the 
facility. The dual flow model, which is the focus of this thesis, is used in the case where 
it is felt that the flow of workpieces and tools cannot be separated when evaluating a 
cell's performance, or where the cell is high cost and it is necessary to achieve the "best" 
performance under economic conditions. 
Emulator Modules 
The emulator models use Pascal as the main programming environment and links various 
modules. One module, the control module, acts as the interface and control between all 
the other modules. Each of the modules have a common interface which enables data to 
be shared. This mimics what would happen within a machining environment where, for 
example, the actions of a transporter need to link in with the buffer holding the pallet to 
be transferred. 
This shared data and module representation is illustrated in Figure 4.3. A module is 
required for each of the entity types to be modelled. 
The modules used for dual flow emulation are: 
AGV - this is used to mimic the actions of an AGVS. The states that the AGV can be in 
are reserved, travelling, waiting for a man or free. 
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Animation • which is used to "playback" the events that have taken place such as 
machining, movement of pallets and so on. 
Buffer· here the buffer can be temporary storage, load/unload stations or attached to a 
machine or tool storage facility. The activities involved are load, unload to/from stations 
and transporters and broken down. 
Gantry· as with the AGV but has a Z motion to allow for movement in the Z axis. 
Job· this is used in the decision making for job entry into the cell. Job entry rules are 
applied based on user selection. 
Machine - cutting, tool changing, set-up, load/unload are some of the activities that the 
machining stations are involved in. 
MAN - this module is used in the representation of operators within a facility. They can 
be available all the time or on various shifts. 
PTS - this is used to represent the tool store at the machine and keeps an up-to-date 
record of tool status, load/unloads tools and exchanges tools. 
STS - as with the PTS, an up-to-date record of tooling captive in the STS is given. The 
STS module is responsible for the selection and issue of tools under various strategies. 
Decision - decides on the action to be taken such as next route for the transporter. 
Review - reviews all the data and updates all the interface records, changing any states as 
necessary after one cycle has been completed. 
Data Collection - this collects all the output information on the operations of the cell. 
It is in this area of emulation, that the research ideas of the author are investigated. This 
work was undertaken to enable the dual flow of workpieces and tools to be examined in 
parallel with each other and to provide a design prototype to enable the complex flows to 
be examined. These complex flows of workpieces and tools can operate under various 
strategies. The objective of using the emulator is to illustrate the author's work via 
emulation and to show the effect of these operational strategies upon the cell 
performance in terms of economics, productivity and tool rationalisation. 
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5.1 Introduction 
This chapter summarises the main theme of the research reported in this thesis. It 
describes altemative classification of dual flow cells and operating strategies for these 
cells offering a framework for the selection of loading and control strategies for a specific 
set of FMCs. This framework focuses on cells which incorporate the coincident flow of 
workpieces and tools. 
5.2 Research Objectives 
The overall aim of this research is two fold, fIrstly to provide a structured framework that 
can be used to analyse the performance of FMCs incorporating work and tool flow. 
Secondly, using this framework investigate the effect of alternative cell management 
strategies upon dual flow cells. A hybrid of the work-dominated cells and tool-
dominated cells is investigated with the view that this hybrid, here in known as 
competitive management, could achieve the overall 'best' performance measures in terms 
of economic running costs and output from manufacturing cells. 
The research topics in this thesis focus on two main themes, which provide this structured 
approach for the specification and analysis of the control rules for an FMC. 
(a) Classification of Dual Flow Cells 
The aim here is to classify dual flow cells in terms of their transporter network and the 
effect this has on the cell management strategy, and the tool loading and control for the 
cell. This classifIcation is two fold. Firstly, it can be used to examine existing FMCs, 
identifying any restrictions or advantages of the network incorporated. The second area 
is where alternate networks could be examined in the initial FMC design. 
(b) Loading & Control Rulesfor Dual Flow Cells 
This research is devoted to establishing an understanding of how the loading and control 
rules for high cost dual flow cells can maximise the economic enhancement of such cells. 
The focus is on developing an insight into the control of such cells, and determining 
where the interaction between the workpieces and tools can be improved to maximise the 
cell's performance. This work also encompasses the network chosen, the management 
strategies adopted and the handling mechanisms incorporated. 
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(c) Prototype Design Aid 
This design aid will provide a means for designers to examine and validate a system's 
design and operation under specific loading and control strategies. The action of this 
prototype is twofold; firstly, it validates the control rules, and, secondly, it offers a 
framework that can be used in the defining requirements for dual flow cells and their 
interaction, and the criteria and information that is required for their design and 
operation. 
5.3 Research Methodology 
A framework for modelling dual flow cells and to meet the research objectives 
highlighted above was defined. This framework for dual flow placed emphasis on the 
information and rules required to model work and tool flows and their interactions, 
determining the additional modules required in comparison to work flow modelling as 
defined by the initial work undertaken by the research group at Loughborough. To 
achieve the three objectives highlighted above, it was necessary to sub-divide the 
research into work flow, tool flow, loading and control rules for dual flow cells, dual 
flow emulation and industrial case studies. Each of the sub-divisions were necessary to 
enable the specification requirements from a dual flow model. These requirements were 
then incorporated to specify the dual flow framework which is seen as a major output of 
the research work reported in this thesis. 
5.3.1 Work Flow Emulation 
Before one examines the interaction of the workpieces and tools within a FMC it is 
necessary to define the requirements of work flow modelling within a cell. 
Work flow emulation will use this definition to identify the modules required to "mimic" 
work flow within a cell and the associated attributes. This encompasses such things as 
transporter requirements, fixturing, manual input, alternative machining routes and 
processing' times. This work examines the requirements for work flow modelling and 
will provide the necessary software modules for the evaluation. of work flow control 
rules. The main thrust of this work will be on the material handling specifications for 
cells and providing a structured approach that will enable the modelling of single to 
multi-cellular facilities. 
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5.3.2 Tool Flow Emulation 
Research in this area explores the requirements for tool flow modelling and, in the light 
of the advancements in technological change, the tool transportation criteria that require 
modelling. It will focus on the mode of transportation and the issue strategy adopted for 
transferring the tools to and from the machines. 
With this examination, the operation criteria and the necessary modelling specifications 
will be identified, with the module requirements to achieve this being integrated within 
the prototype. 
5.3.3 Loading and Control Rules for Dual Flow Cells 
The aim of this area of the research is to specify an approach for applying on-line control 
rules to a cell and identifying the effects alternate loading and control rules can have on a 
cell's performance and behaviour, as well as ease of control. To achieve this aim, the 
work will utilise the prototype design aid for the examination and validation of control 
rules within cells, especially where there is "competitive" flow of the workpieces and 
cutting tools. 
The outcome will be a set of control rules for the cells which can be applied under 
various modes of cell management. These rnles will be implemented and validated via 
testing under the prototype. 
5.3.4. Dual Flow Emulation 
Research within the dual flow emulation will examine an approach for the modelling of 
the dual flow of workpieces and tools within a cell. This work identifies the modules that 
would be required to enable the interaction between the work and tools and the control 
decisions required for their concurrent flow. To achieve this, it will be necessary to 
identify the additional attributes necessary if the flow were not being examined in 
isolation as in chapters six for the work flow and seven for the tool flow issues. 
Within the emulation of the flows, the following criteria will be examined and described 
in detail in chapter eight, firstly, the control mechanisms that are required to ensure the 
interaction, secondly, the rules that will govern the decisions and the level of interaction 
and finally, the additional requirements upon data if the flows are operating in parallel 
with each other. 
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5.3.5 Dual Flow Framework 
Unified Design Tool Kit 
The definition of a framework for FMF design was undertaken by the research group at 
Loughborough. This framework is depicted in figures 5.1 and 5.2. The objective of this 
definition was to enable a designer or systems operator to investigate the performance of 
their facility or proposed facility at various levels. These levels ranged from cell work or 
tool flow investigation to multi-cellular work or tool flow modelling. The user is offered 
the option of detail they wish to enter and the modelling to investigate either rough-cut 
measures or perceived detailed performance measures. Figure 5.1 illustrates the overall 
aim of the research; to offer a design aid for FMF design and operation. This is achieved 
via the Unified Design Tool Kit, described in chapter 4 and illustrated in figure 5.2. 
Various levels and approaches to modelling are used, enabling the designer/operator to 
meet alternative modelling requirements. These include expert systems, spread sheets, 
mathematical models, database interaction and emulation. The database interaction is 
essential firstly, for the specification of data requirements to be used within the whole 
framework and secondly, it eliminates the need for re-entering data if a detailed 
investigation is opted for after a rough-cut calculation. 
Dual Flow Framework 
Within the specification of a framework for FMF design the need for a dual flow 
modelling facility was identified. It was the author's view that this level of modelling 
should be undertaken at the detailed design stage. The user would be focussing on the 
most effective way of controlling the two flows through the cell, or the economic design 
and operation of high cost cells. 
Figure 5.3 illustrates the emulator option within the Tool Kit. This was the focus of the 
au~ors work to define a framework for modelling dual flow within the emulator 
environment. The emulator is a detailed modelling tool (see chapter 9), and is capable of 
either work flow modelling at cell and multi-cell level and finally, dual flow modelling at 
cell level. It consists of a suite of Pascal modules which are used to 'mimic' the operation 
of each entity within the facility. Figure 5.4 shows the overall framework for the dual 
flow model. To enable the modelling to be undertaken it was necessary to identify the 
input requirements. These included details such as, work and tool loading criteria, 
transporter information, machine and tool store information. 
This dual flow framework is depicted in figure 5.5 where the modules required to enable 
modelling to be undertaken are specified. Each of the modules are run independently of 
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each other and the review model examines any status changes to trigger off any 
interaction of further action required. This is possible due to the shared data between 
modules, as shown in figure 4.3. 
Within each of the modules the work and tool requirements, control and loading have to 
be examined. Figure 5.6 illustrates the STS module operation. To mimic the STS it is 
necessary to identify whether tools are being loaded or issued. If they are being issued 
what loading strategy is being used and what other factors are considered. Figure 5.6 is 
illustrated in further detail via figures 5.7 and 5.8. The information required to enable the 
modelling of tool allocation is depicted in figure 5.7. From this it can be seen that the 
loading/control rules, the transporter availability, part details and manual availability are 
some of the factors that need to be considered. Based on the operating rules the model 
will then mimic the allocation of the tools, update any status of entities involved and 
signal if further tools are required. Figure 5.8 shows the reverse process where the tools 
are returned to the STS. In this case the majority of the updates will be for individual 
tool status and their positions. 
The dual flow framework is seen to be a major output from this research. The focus is 
being placed on defining the requirements for the data and the entity interactions; such as 
between workpieces and tools, where a tool set is capable of machining a family of 
workpieces. 
5.3.6 Industrial Case Study 
To enable the thorough validation of the work, a major industrial case study was 
undertaken in collaboration with Rockwell PMC, Peterborough. Part of the work was 
executed to assist the company in the future, with the remainder examining more 
complex variations. Although this was aimed at long term investment within the 
company, it allowed the dual flow work to be tested under a more demanding set of 
criteria. 
68 
FMF Technical Knowledge 
... 
Resources. 
Technology 
Available 
,Ir 
User 
Data Requirements 
• ir ,ir 
Framework for FMF ~esign 
.. 
FMF Design 
... 
Existing System Details • 
An FMF Design 
and Operation 
Facility AD FMF Operation/Performance .. • 
h 
IDEFO Algorithms. Expert Systems. 
Emulation Spread Sheets 
Purpose : To design and model an FMF at any level of operation 
Viewpoint: System Designer and shop floor manager 
FMF Design and Operation Facility I Figure 5.1 
available technology 
t' ! 
tech~~ 
knowledge Data reso~ Base At 
Existing 
Data Files 
system average 'mes r----.., 
average alues 
mach&~an~ 
nos. ---tIll Evaluator 1--I. _____ --:-__ .....::s:::tatio:;'c:.:CJu.:;;"'":::::;' M;::,9:;:.s::u:;:r9s~ 
on cell performance .. 
Ingres! 
ORACLE 
A2 detailed processing. 
transportation,and 
operational info. FMFOesign 
l+ Emulator 1+ __ :.:c:::on:::tro::::'IOpe=:::ra::::tio:.:.n C:::":::'9::;;ri8::.., 
CAN·Q MVA Spread 
Sheet 
KJ 
Hard Pascal 
Ware 
Unified Design Tool Kit 
69 
Performance Information 
TMS Design 
Tool 
Static Tooting 
Management Requirements 
A4 
Kndwledge 
Base 
Figure 5.2 
available technology 
data -!.,-.l====1==::::;:===+----, 
part details Cell 
cell details Part Flow 
A3t 
cell details i 
Cell 
Part Row Cell Design 
ControllOperation Criteria 
Performance Information 
Workpi8C88. trans & stations 
Dual Flow Cell Design 
part details I Control/Operation Criteria /-:-"'::;';":="---+1 ------<~ Dual Flowl---+---+---===:=;'=;;;;""-
tooling Info, cell management A32 Performance Information I Work, stations and tooting 
cell details for each cell f Multi-Cell Design 
U-I~"a:!!rt-"d~eta~I::IS __ ...,lc--_____ ---;I ___ ~--.~Multi_Cell I----:Co=n",,="Ope=rc;:.a,::"o::.n C;::n::::"'a::;ri::.a_-.. 
number of cells I I Performance Information 
A33 Station and WorkP/eces only 
""~.-------, ----~..I 
- v-
Pascal Software 
A3 : The Emulator I Figure 5.3 
Technology Available User 
Available Data Requirements 
Machine & Part process details 
tool details & '001 loading info 
loblis" pallets & schedule rule'L 
cell management Info 
network & transporter info. 
Dual Flow 
Emulator 
Pascal Modules 
A32 
Pascal 
A32 : Dual Flow Emulator 
70 
Dual Flow Cell Design 
ControllOperation Criteria 
Performance Information 
Work, stations and tooling 
I Figure 5.4 
-------------- - -
call procedures for user specified time Controll-r---i----r--:...--r-----r------, 
Aa" 
r--_~Machine ~I----I----I----
Aa22 
r---II>jTransporter Status ____ 1----
Aa23 
r---I~ Job Entry Status 
A32. 
r-~J PTS Status I A3~~~·I--~ 
STS f-,--_...;A3~26:::J IJReview I-
Status T A327 
updates due to status on interacting entities 
A32: Dual Flow Emulator Framework - Pascal Modules I Figure 5.5 
Technology Available User 
Available Data Requirements 
Tool return or Issue 
detailed tooling & tool loading 
part or tool demands 
cell manaQemenllnfo 
Iran~orter Imo. 
Allocate 
Tools 
A3261 Return 
Tools 
A3262 
STS Module A326 
Pascal 
A326 : STS Module Operation 
71 
STS Status 
Uodate on parVtool stalus 
allocale & load/unload lools 
I Figure 5.6 
Technology Available User 
Available Data Requirements 
Manual status, pallet status 
detailed tooling & tool loading 
part, tool, STS & PTS status 
cell manaoement Inlo 
transporter inlo. 
Allocate 
Tools 
STS Module A3261 
Pascal 
allocate tool, cluster, kit or dlf!...klt 
set time to load tools, no tools 
update part, tool, STS status 
QlLerator reQ!Jired 
signal il more tools required 
A3261 : Allocation of tools from STS I Figure 5.7 
Technology Available User 
Available Data Requirements 
Manual status, tool pallet number 
detailed tooling & tool loading inlo 
tool, no tools & STS status 
cell management Inlo 
tool Issue strategy 
Return of 
Tools 
to STS 
STS Module A3262 
Pascal 
A3262 : Return of Tools to STS 
72 
update tool status 
set time to unload tools, no tools 
update STS status 
ooerator reouired 
I Figure 5.8 
Chapter 6: Work Flow within Cells 
73 
6.1 Introduction 
This chapter describes the modelling of work flow within cells; defining the boundaries 
that encapsulates cell level work flow and the modelling requirements of this flow. The 
themes incorporated are those relating to the dispatch of work entering into the cell, 
within the cell and transporter representation. A description of the emulator material 
handling modules and their operational characteristics will be described. These modules 
were deemed necessary to substantiate the views that alternative material handling 
systems and their application can effect the performance criteria of FMF and a means of 
evaluating their performance is required. The author was responsible for the definition of 
the approach adopted for the modelling of material handling within multi-network 
facilities and the actual implementation of this approach. 
6.2 Cell level Work Flow 
The flow of workpieces, cutting tools, jigs and fixtures all have to be managed and 
controlled within the flexible machining environment. This chapter is concerned with the 
primary flow thrnugh any manufacturing facility, i.e. the flow of workpieces. 
Four levels of work flow are evident within an FMF: 
1. order release of work to the machining cell, 
2. entry of the work to the cell, 
3. dispatching of work within the cell, and 
4. the transportation of the workpieces. 
Order release to the cell is a major issue within eIM, where the advancement of 
commercial databases, computer science and scheduling to the cell in terms of data 
management have been highlighted. At this level master schedules are generated based 
on orders in place, expected orders and standing orders. The generation of this master 
schedule and a list of workpieces to be allocated to the cell is outside the scope of work 
being investigated in this thesis. Entry of work to a cell will be considered. Roderick et 
al [RODE,1992] have examined alternate order-release strategies ranging from fixed 
quantity release, starvation avoidance, matching input with output and constant work in 
progress. These issues relate to factory level requirements within the facility. The area 
of work that is relevant to this thesis is that of the selection of workpieces to enter the cell 
and their flow within the cell, which occurs once the released orders have entered the 
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cell. The issues that are evident at the cell level are the selection of the workpiece, which 
gains priority and getting the right part on the right machine at the right time with the 
correct tooling being available, and the material handling requirements to transport the 
workpiece. 
The issues that this chapter will focus on are: 
scheduling of the work within the cell, and 
materiai handling. 
6.3 Scheduling of Work Flow 
The control of work flow within FMCs varies dramatically with the system being 
examined. Each system is unique and the characteristics are identified in line with the 
work variety that is processed in the cell and the "flexibility" of the cell. 
In some machining cells, machines are restricted to the manufacture of a specific part 
family of workpieces. In this case the control of such a facility is somewhat simplified, 
with the machine restrictions avoiding the need to select a machine. The only decision 
required for dispatching a part is dependant on the machine loading, if there is adequate 
buffer space, or the workpiece priority or due date. This level of control is illustrated in 
the Okuma plant at Oguchi where the seven machines in the cell are dedicated for the 
production of a separate part family each [HART,1984]. 
If workpieces are restricted to a machine group then the decision making is dispatching 
the part to the most suited machine. This can, in the case of work flow only, be based on 
the machine with the least load, minimum wait time, or in some cases, the first machine 
in the group if there is adequate space. Once again the workpiece selected is based on the 
priority of the work and machine availability. 
The third level that is evident within the cell is the loading of a workpiece to any machine 
within the cell. This requires a mode of priority firstly for the workpiece and secondly 
for the machines. The workpiece again will be based on the standard dispatching rules 
whereas the machine selection can be first machine, machine with the least load, machine 
with the fastest processing time and so on. The selection of the machine is dependant 
upon the system and the criteria that the production manager has, if one machine needs to 
be kept running, or if the load needs to be balanced. 
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Within the modelling and operation of work flow, the advancement in the technology in 
terms of machine sophistication, automatic contrOl, automatic pallet transfer both to and 
from the machine and loading and unloading has led to more sophisticated decision 
making criteria being adopted. Much of the work in the control of work flow is based on 
ascertaining the most suited work scheduling rule. Researchers tend to strive towards 
achieving an optimum solution to the decision making within the cell or the selection of 
workpieces to send to the cell next. With assembly and the application of distributed 
scheduling, focus within actual systems can be placed on the production of sets, where 
parts are scheduled through the system to arrive in their pre-determined sets for 
assembly. 
Much research has been undertaken in the area of scheduling rules, with the results being 
in line with real life applications. The outcome of research has shown contradictory 
results providing the overall conclusion that the scheduling rule required is dependant 
upon the system being studied and that no single scheduling rule dominated 
[MONT,1990]. The majority of work within the research community is geared towards 
achieving an optimum solution to the scheduling of work within a subsection of an FMF, 
such as FMSs and FMCs. Although there are many packages on the market the main 
thrust is to examine the effect of various priority rules upon the selected performance 
criteria. The author believes that these cannot be examined in isolation and that one has 
to place emphasis on the examination of the scheduling rules and the material handling 
mechanisms in parallel. 
6.4 Material Handling 
To examine work flow in relation to machining, cell design and operation, it is necessary 
to ascertain the key elements for transporter specification; 
1. What is the mode of operation? 
2. What key data is required for transporter evaluation I modelling? 
6.4.1 Modes of Operation 
Material Handling can arise at all levels within the hierarchy from the factory storage 
facility down to individual workstations. The issues that govern work flow firstly have to 
be placed in context with the levels that the handling system operates. Three main modes 
of operation have been identified, external to the cell, internal to the cell and, finally, 
76 
where transporter(s) operate both within individual cells and at factory level 
[NEWM, 1993]. Examples of each level of operation identified can be seen in operation 
within manufacturing companies today. 
At factory level the material handling system would follow the routes illustrated in 
Figure 6.1. In this case the transporter(s) deliver work to the cells but never enter the 
actual cell. This type of system can be seen in operation at Yamazaki's plant at 
Worcester [KOCH,1986]. 
The FMS at Rolset Engineering [WEBB,1986] has seven cells with the material handling 
for the majority of the time operating at factory level but, within two of the cells the 
transporter also operates within the cell. Figure 6.2 depicts the factory and cell mode 
intertwined. 
A cell only operation is illustrated in Figure 6.3. An example of this mode of operation is 
evident within the Cummins Plant in ShOllS, Scotland, where a robot services a cell only 
[W ATS, 1989]. 
The transporter type and flexibility aids towards classifying whether they would operate 
at cell level, factory, or both. AGV s are an example of a transporter which has a high 
flexibility and can carry high loads, these are suitable for use at each of the levels. RGVs 
tend to service inside the cell or across cells, although the majority of the time within the 
cell. Although RGV s are flexible the majority of applications are straight track. The 
same is applicable to gantries. Robots tend to be used within the cell as they are fixed 
position or as pick and place between cell buffers. Conveyors have medium flexibility of 
route and can cover all levels, from interlinking cells to operating within a closed cell. 
Finally, manual transportation has a very high flexibility of route and, as expected, can 
operate under all the three modes. If a high load or long distance is involved, then the 
manual operation would be linked with a forklift truck or a trolley. 
6.4.2 Cell Level Material Handling 
With these levels of operation it can be seen that there is an overlap in the material 
handling from the factory to the cell. This overlap occurs when the transporter can 
operate both external and internal to the cell. Within the area of this research, the focus 
will be placed on the classification of transporters that operate internal to the cell. This is 
based on the assumption that the high cost cells under consideration in this work will 
either operate with cell level transporters or will gain priority on the transporter if there is 
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a clash. Although the thrust of the work is geared towards cell level only, the work will 
incorporate a combined specification that would be required to accommodate cell/factory 
transporter(s) defining the necessary attributes and allowing for a generic material 
handling representation. This step was undertaken to allow for demands that may arise 
and to fulfil the generics of the modelling criteria. Figure 6.4 classifies what will be 
considered and in what mode within the modelling definition. 
6.5 Work Flow Modelling Objectives 
In general where work flow within cells is examined, emphasis is placed on measures 
such as machine utilisation, workpiece variety and throughput. If one wishes to examine 
the material handling mechanisms in detail, simulation packages such as SAME/AGV 
[ANON,1987] could be used. This type of system is dedicated to material handling. The 
design and operation of material handling systems, in particular AGVSs, has been the 
driving force of much research in recent years. This research has focused on fleet sizing, 
layout and control of material handling systems and what is the most "suitable" system, 
for the particular installation being modelled. Within the work flow there is a vast range 
of literature investigating the effect that order release rules and dispatching rules can 
have on the performance of a cell. 
In the examination of work flow modelling, it can be seen that two issues dominate the 
design and operation of facilities. The material handling selection/operation and the 
"best" dispatching rule for the facility. The aim of the work flow emulator representation 
at Loughborough is to enable the user to ascertain the following: 
the "most" effective scheduling rule, 
investigate work flow at cell and multi-cell level, 
identify the number of transporters required, 
type of transporters suited to the activity, 
identification of bottle-neck areas in the work flow, 
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report on expected perfonnance figures, and 
examine the manual requirements for work flow 
The approach adopted for work flow modelling within the emulator prototype at 
Loughborough is designed to achieve the above requirements adopting the following 
approach: 
incorporate work flow scheduling rules that the user can select for 
perfonnance evaluation, 
to provide a suite of software modules for modelling various transporter 
types, 
to identify the mode of operation of the transporter, and 
to enable manual activities to be monitored for work flow activities 
[NEWM,1990] 
6.6 Emulation of Work Flow 
The emulation of the work flow is categorised into modules written in Pascal. Pascal is 
the chosen language as its inherent modularity highlights the modular decision making 
process within a manufacturing facility. The decisions with regard to allocating work, 
loading/unloading of buffers, transporter scheduling will recur if though in parallel to one 
another. 
The emulation work is the combined research efforts of the team at Loughborough. 
Work handling was initially tackled in the early stages by Shires [SHIR,1988], who 
focused on having a single AGVS within the whole facility. The emphasis was placed on 
the data input for the system and transferring this into data files for the emulator. This 
provided a bidirectional single transporter systems for AGVs only. 
The work the author has undertaken has identified the need for the material handling 
mechanisms to be modelled within the facility at various levels to meet the demands of 
the changing technology and the investigation of multi-cell facilities. This has led to the 
proposed generic definition for the material handling module, allowing the user to 
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investigate AGV s, gantries and robots. This definition states the data requirements and 
enables alternate transportation networks to operate in parallel within a facility. The 
author was responsible for defining the methodology for incorporating multi-network 
transportation within the design aid and the specification and coding to achieve this. The 
specification of a multi-network facility was necessary if the designer wished to 
investigate the application of various transportation networks and their use at cell and 
multi -cell level. 
The scheduling rules were investigated by various members within the research group. 
6.6.1 Scheduling Rules 
Researchers have illustrated that simulation is recommended if one wants to examine the 
effect of a scheduling rule upon the cell performance, especially when there are multi-
objective decision making criteria. 
For the emulation of the work flow, six key rules are used within the modelling: 
1. First Come First Served 
2. Shortest Processing Time 
3. Pallet Priority 
4. Slack 
5. Slack per Operation 
6. Due Date 
These rules were selected as they covered industrial approaches and placed emphasis on 
output requirements for assembly, based on the due date criteria. The user selects the 
scheduling rule required via the user interface where they are guided through the 
scheduling rules and operating characteristics such as number of transporters, part entry 
rules to the cell and part processing routes. 
6.6.2 Material Handling 
Material handling modelling can focus on either the selection of the equipment, i.e. 
should the system incorporate a specific AGV; or it can "mimic" the behaviour of 
material handling systems within the cell. 
80 
The Loughborough emulator focused on mimicking the behaviour of the material 
handling system and its effect on cell performance measures. The actual transporter type 
can be selected from the database with the user entering requirements and the alternate 
transporters are listed that meet the criteria; or the user can define a transporter if it is not 
available within the data base. This presently consists of: 
(a) Automatic Guided Vehicles; embedded cable, and rail guided, 
(b) Robot; single server or cell server, and 
(c) Gantry; 2 axis or 3 axis. 
The aim of the material handling modules implemented was to enable the defmition of 
material handling requirements and how to structure these in a format that is readily 
accessible by the designer. Each of the modules utilises a generic structure which 
enables various modes of material handling to be emulated within the same cell if 
required or to act as interactions between cells in multi-cellular facilities. It should be 
noted that for the purpose of this research that conveyors were not implemented. This 
decision was made in conjunction with the case studies available for evaluation. 
The modelling requirements for material handling cover issues such as capacity, size and 
type of transporter. For the purpose of examining the material handling, a list of key data 
functions must be identified. Within the data base for the "Unified Design Tool Kit", a 
comprehensive data requirement is specified. The database includes information such as 
maximum weight, the model of transporter, maximum operating speed and so on. These 
are applied when the user wants to select a transporter from the database. The user 
defines required operating and physical characteristics and the database lists the 
transporters that meet the given specification. If no transporters are available the user 
needs to add additional transporters to the database or alter their specification. This is 
iIlu~trated in detail in Newman's thesis [NEWM,1990bj. 
For the purpose of material handling modelling the following key attributes were seen as 
essential to give a generic representation and detailed modelling capability. 
Data structure for a generic transporter 
Transporter number 
type 
area 
capacity 
- identification number for the transporter 
- whether AGV, gantry or robot 
- scope of cell(s) it services 
- number of pallets that it can carry 
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speed 
state 
transtyp 
- transportation speed 
- idle, busy, waiting, broken down etc. 
- what entities it can transport; workpieces, tools or both. 
These key attributes are incorporated within the three main material handling modules, 
namely, AGV, gantry and robot. Additional data such as movement in the z-axis is also 
incorporated for the gantry module. 
The transporters within the emulator are capable of the following activities; 
-loading, 
- unloading, 
- idle, 
- broken down, 
- travelling, and 
- waiting for a clear path. 
The actual material handling modules decide the following; 
- which transporter to allocate to a station requesting the service, 
- which is the next route on the transporters path, 
- which type of transporter is available and the number, and 
- which entity the transporter is being allocated to. 
To enable the investigation of work flow modelling within any FMF the emulator 
representation of material handling needed to be capable of having a flexible material 
handling representation. The modes of material handling identified previously were; 
- factory level only, 
- factory and cell level, and 
- cell level only. 
6.6.3 Methodology for Material Handling Modelling 
The overall aim of the material handling modelling was to provide a solution for the 
generic representation of cellular and multi-cellular material handling systems. The 
modelling facility would need to identify what station within the factory needed 
servicing; whether this was part of a particular cell, the factory network or both; if a 
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transporter was available and, whether or not the transporter could service that entity. 
Figure 6.5 depicts the authors overall perception of the decision making process that 
would be undertaken when allocating a transporter in a single or multi-network facility. 
Approach Adopted 
It was the authors view that a structural approach to the identification and modelling of 
the material handling system(s) within a Flexible Facility was necessary. To enable an 
easy to use system that would meet the alternative operating conditions the use of 
transporter areas was identified. An area covers the transportation routing for a material 
handling mechanism, whether the whole factory or a subsection of a cell. They can be 
separate physical networks, or where there are restricted stations to be serviced by certain 
transporters on a single network. Figure 6.6 shows a typical cell incorporating two 
independent networks, these are considered as two separate areas. Figure 6.7 depicts the 
process involved in identifying areas and the approach used for the emulation of such 
facilities. Here the user draws a scaled layout of the facility and identifies the areas that 
would be used for the particular design and network operating strategy. The advantage 
of this approach is that it offers a structure to follow that can be linked to cellular 
expansion, where the model can then incorporate the next cell as another area. 
This scaled layout and area identification enables the user to identify the physical 
characteristics of the facility being examined and the mode of operation for the 
transporters. 
Once the material handling stations have been identified and their positions within the 
layout numbered a program is run to transfer this information into data accessible by the 
emulator. This program involves user interaction where they are guided through a 
question and answer format to input all the necessary routes. Figure 6.8 depicts this user 
interaction where the bold numbers are user inputs. Figure 6.9 illustrates the routes for 
the material handling and how they would be shown on the scaled layout. These routes 
are used during the modelling process for the transporter to travel along. 
Further information which was identified as being necessary to offer a generic 
representation of material handling included the following; 
- What type of transporter is required? 
-AGV 
- Robot 
- Gantry 
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- What entity is to be transported? 
- Which areas transporters can service? 
- Which entities the transporter can move? 
The identification of the type of transporter, whether AGV, Robot or Gantry; what 
entities it can transport, either work, tools or both; and whether a transporter is available 
all need to be assessed in the allocation of a transporter to a particular entity. 
To enable this particular decision making process to be modelled it was necessary to 
identify the key items of infonnation. Two data files were fonned to store the necessary 
data to enable the emulator to mimic the decision making process involved. These data 
fues were a material handling file which stores the infonnation on the type of transporter, 
the area it can service and the entities it can transport. The fonnat of this file is depicted 
in figure 6.1 o. The second file was a buffer file which is used in the identification of the 
material handling stations associated to a particular buffer. This is illustrated in figure 
6.11. The fonnat of this file enables the identification of buffers being used to link ceJls 
together and also if the buffer had separate load and unload points. 
These files enabled the data requirements identified from figure 6.5 to be in place and 
incorporated within the modelling decision making process. The emulator uses this data 
to allocate transporters and identify which routes they can travel on, allowing for the 
differentiation between networks. 
Overall to model the material handling mechanisms within the emulator the folJowing 
structure is used; 
1. Draw a scaled layout of the facility. 
2. Identify the various material handling mechanisms to be used and their mode of 
operation. 
3. Identify the material handling areas. The same physical network can be used for 
separate areas. 
4. Number the material handling stations. 
5. Mark on the routes as shown in figure 6.9. 
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6. Enter the routing infonnation via the user interactive program. 
7. Enter the area and transporter details via the front end. This will be used to create 
the files depicted in figures 6.10 and 6.11. 
8. Enter the mode of operation for the transporter network; mutually exclusive, 
shared flow or single function; ( see chapter 8). 
6.7 Conclusions 
This approach to work flow modelling illustrates the use of a modular design tool 
providing a facility which enables the designers to examine the interaction between work 
scheduling and work transportation. The use of material handling areas which can be 
used to examine various transporter types in parallel is proposed as a method to enable 
the interaction and networking within material handling to be investigated. It is felt that 
this approach can be used to mimic various networks reporting to a central controller 
allowing for the modelling of single cell and multi-cell material handling. It offers a 
structured definition of the requirements which is simplified for use by the designer, 
especially when linking two or more cells together. 
The disadvantage of this approach is that if the designer wishes to add more stations to a 
cell the use of sequential numbering can lead to the stations needing re-configured if it is 
not the last area being altered. What the material handling offers is an approach where 
the designer can visualise where the interactions arise if any. 
This amount of detail is sufficient if the machines have adequate tooling capacity for the 
scheduled work. If the tooling is costly or the work variety leads to multiple tool 
changes, work flow modelling only will not illustrate the overall perfonnance and cost 
criteria. 
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7.1 Introduction 
The requirements of tooling within FMCs is described. These relate to the cell level 
tooling requirements and modelling where it is assumed that workpieces are in infinite 
supply. This assumption is necessary so that the tooling can be examined in isolation 
without any disturbance. This chapter will identify the issues that relate to tool flow and 
management within an FMC where it is assumed that the cell is highly automated. The 
modelling requirements will be summarised. The author was responsible for defining the 
modelling approach to be adopted to mimic the decision making process involved with 
alternative tool issue strategies. This decision making process is encapsulated within the 
PTS and STS modules designed and implemented by the author. 
7.2 Cell Level Tool Flow 
Within the cell level tool flow, four key areas can be identified: 
1. delivery of tools to/from the cell, 
2. storing of tools within the cell, 
3. delivery of tools to/from machines, and 
4. storage of tools at the machine. 
Within the boundaries specified for the definition of cell control we will assume that the 
tools are resident within the cell and that new tools are always available when required 
for the cell. Figure 7.1 illustrates the STS and PTS within the overall factory hierarchy. 
The CTS depicted is considered to operate at factory level and not within the scope of 
this work. The final area that will be examined in this chapter is the transportation of 
tools to/from the machines. This will vary depending upon the complexity of the cell, the 
tool management strategy being used, tool issue strategy being used and the number of 
changeovers required. 
7.3 Current Approaches to Tooling 
FMC designers and production managers in the last decade have realised the necessity 
for an effective tool management system within their environment. Tool rationalisation 
and the economic use of cutting tools are being highlighted by figures such as those from 
Tomek [TOME,1986], who identifies that cutting tools can, in some cases, account for 
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20% of the cost of an FMC. The fact that if tooling is not structured and managed in an 
effective manner, machinists can spend 20% of their time looking for tools 
[GRAN,1990]. Both academics and industrialists have sought to overcome the above, 
with the majority focussing on overcoming the tooling constraints within automated 
facilities. 
Ranky [RANK,1986] defines tool management tasks by identifying "who, when and what 
for" for tool management. These factors aid in defining the necessary tasks that a TMS 
must be capable of, and the relevant information needed. Key tasks identified 
incorporated aspects such as tool identification, monitoring, tracking, storage and 
transportation and tool issue and maintenance [KIRA,1988; HAMM,1990; ZHOU,1989]. 
One key area that has been given much attention in the academic community is that of 
tool issue strategies. This has focussed on specific areas where the tools are scheduled to 
meet the work demands on the cell. This includes strategies such as the bulk exchange of 
tools, where tools are captive on the machine for a set time period and then exchanged if 
necessary, and holding resident tools captive on the machine [HAMM, 1990]. In the area 
of tool issue the focus has been examining the effect of sharing tools between machines 
and the savings that can be achieved. The studies described by Hankins reported savings 
ranging from 33% to 72%, when tools are shared across machines. 
ltis evident from studies by Zavanella [ZAVA,1992] and Cuppan [CUPP,1987] that tool 
delivery is becoming more automated as the technology is enhanced. The issue strategy 
adopted is dependant upon the cell and workpiece characteristics and the available 
technology. Modelling approaches for the tool flow focus on the use of various scenarios 
and finding the most suited strategy for the cell being examined. The overall conclusion 
from tool management studies is that there is no standard solution to the tool 
maJ}agement issues within the cell, but a systematic approach via system characteristics 
such as common tooling [RHOD,1986] can be used to ascertain the most suitable mode 
of operation. 
Simulation packages such as MAST [CITR,1989] incorporate tool requirement modules 
where the user can attain an expected tooling requirement based on the work flow 
simulation. The majority of commercial packages tend towards a post-processor 
approach for tool requirement calculations. This is due to focussing on tooling as a 
constraint and aiming towards maximum throughput or maximum machine utilisation. 
The tool flow is not modelled but the requirements calculated. The industrial community 
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is approaching the tool management issues at the level of controlling the automation of 
tool changing and tracking of the tools. 
Some tool changing techniques available incorporate approaches such as The Werner and 
Kolb "Quick Tool Change" approach [HAMM,1990j. This shuffles the tools to be 
removed into specific pockets within the chain at the machine and a cassette mechanism 
is then used to change tools to/from the machine. The tools that are signalled for change 
are worn, broken or no longer required. Yamazaki utilise an overhead monorail tool 
changer which changes single tools within its FMS at Worcester [KURI,1989j. They use 
a different approach at their Minikamo Plant where whole tool drums are moved to/from 
the machine [ANON,1982j. 
The other major commercial developments have been in the area of Tool Management 
Data Systems and tool tracking systems. The first area is used for data management 
where the tool ordering, supply information and all relevant data is stored on a specific 
database. This aids companies with tool ordering, finance and the tracking of the tools. 
The tracking system actually tracks where the specific tools are, what status they have, 
e.g. worn, new, reserved, and where they are due to go next. ISIS is a typical tool 
management system which is used for tracking tools and updating their status 
[TOOL,199Ij. 
The disadvantage of the above systems is that they target on specific areas concentrating 
on tool tracking and monitor the behaviour of specific tool strategies within a cell, 
usually under constraints. The work at Loughborough has focussed on expanding this 
scope of study where the aim is to enable users to specifically look at the tool 
management issues and provide a means to productively evaluate various tool 
management strategies. 
7.4 Tool Transportation 
With the varying range of tool issue strategies available the number of tools to be 
transported at anyone time can range from one to over one hundred. This range of 
capacity is one of the features considered within the selection process. Other criteria 
used are speed, tool traffic, weight, dimensions and method of tool transportation. The 
technological advances over the last decade have enabled a more flexible approach to 
tool handling. Tool handling can utilise numerous types of transporter mechanisms from 
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robotic anns to the transportation of moveable PTSs. The following examples illustrate 
the range of mechanisms adopted within present day industrial applications: 
Robotic ann - this can be seen in operation at Cummins Engines, Schotts. Here a robot 
cell is in place and the robot is used to change tools to/from the lathe [WATS,1989j. 
Monorail - this is an overhead tool changing mechanism which is used for the rapid 
transfer of tools; rapid tool exchange. At Yamazaki's Worcester site this type of device 
services two adjacent FMSs consisting of seven and three machines in parallel lines 
[KURI,1989j. 
Automatic Guided Vehicle (AGV) - these can be used to carry crates of tools, moveable 
PTSs or specific tool handlers such as those used in the Westlands FMC [WEST,1990j. 
The use of a crate or tool carrier mechanism on an AGV allows for the varying capacity 
to be used in tool transportation. Although slower than the rapid tool exchange they are 
more suited to the exchange of a number of tools and where the tool changeovers are less 
frequent. This is required when there is a variation in the parts being produced to warrant 
a number of tool changes. 
Manual - this mode of tool exchange and loading is the most flexible transporter. In 
highly automated factories there is still the manual labour input required. This will vary 
with the level of automation where the manual labour could be used for loading at the 
cell stores, to tool exchange on the machines. 
7.5 Selection Criteria 
The use of tool issue strategies and the choice of transportation mechanism available, 
illustrates that there is a range of requirements for specific cell types. These cells can be 
identified by their overall control mechanisms and the part families under production. 
For the structure and modelling criteria the author has identified the following criteria 
that can be used for guidance in the selection of a starting point or suitable control level 
for the cell being designed. 
If the workpieces being produced consist of similar part families utilising the same 
tooling group then either clusters or resident tooling on the machines could be used. If 
the tool family was large and various batches of parts were required, clusters can be used 
to swap over between workpieces. In this case the transportation mechanism would need 
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to have the weight and carrying capacity capabilities for the movement of a full cluster 
set. The type of transporter would preferably be an AGV or gantry system. 
If there is adequate capacity on the tool magazine and the tools are relatively inexpensive 
in comparison to the workpieces then tools can be duplicated and held as resident tooling 
on the machine. The single tool transfer mechanism could be used for the sole purpose 
of exchanging worn tools or sharing specialised tooling. This transportation mechanism 
could incorporate overhead monorail or robotic arm depending upon the cell layout. 
If the workpiece families are so varied, or batches of one are used, the kitting strategy can 
be selected. The constraint here is that all the tools required have to be less than or equal 
to the capacity of the tool kit. This mode of operation is suited for AGV type 
transportation systems. 
If there are similarities across the workpieces and tools can be shared the use of the 
differential kitting approach can be adopted. This accounts for any capacity problems 
that can arise from the kitting approach as the tools can be shared across workpieces. the 
transportation mechanism would again be of the slower approach using an AGV. 
7.6 Emulation 
To emulate the tool flow it was necessary to identify the key issues for tool flow. These 
consist of the criteria for the tool issue strategies and the transportation mechanisms. The 
overall objective is to provide a suite of software that will enable the deSigner to compare 
various strategies and mechanisms and obtain the most valid selection for the particular 
cell being assessed. This work was the responsibility of the author. 
The objectives for the emulation modules can be summated as follows: 
Tool Issue and Storage 
(a) To provide a selection of alternative tool issue strategies for selection. 
(b) To base these alternatives on present day applications and the new technology on 
offer. 
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(c) Issue the tools to/from the STS to/from the PTS and identify the control 
mechanisms required to undertake this task. 
(d) Mimic the tool storage facilities within the cell and identify the data requirements. 
Tool Transportation 
(a) To identify and emulate the key transportation mechanisms used within tool 
handling. 
(b) Allow variations in speed and capacity of the transporters under a generic 
module. 
(c) To mimic the exchange mechanisms for transferring the tools both on/off the 
machine and to/from the spindle. 
7.6.1 Tool Issue and Storage 
To allow comparative studies to be undertaken with regard to tool issue, the four 
strategies of kitting, differential kitting, clusters and single tools have been implemented. 
Captive tooling can also be set-up on the machine as a starting point if required. 
These tool issue strategies within the emulator are selected at the user driven front end 
phase, where the user selects his/her choice via the menu driven input screens. This is 
then automatically configured and used within the tooling modules. 
The tooling modules identified to enable tool flow to be mimicked within an FMC are 
STS, PTS and the tool transportation modules. 
Secondary Tool Store Module 
This module mimics the cell storage device. To enable modelling of this facility, it was 
necessary to identify the activities which should take place within the stores. It was also 
essential that the STS module was generic from the view of alternate strategies, whether 
automated or manual. 
99 
The STS and software activities identified as being the key industrial requirements were: 
(a) to track the tools, 
(b) to keep up to date on the tool status, and 
(c) to interlink with the PTSs and crS. 
The following data elements were identified as being essential for the generic modelling 
of tool flow: 
Tool Data 
toolno 
tool_life 
tool_life-left 
alloc_left 
maxuses 
uses 
sis_no 
cell_no 
sts_no 
maxregrinds 
noregrinds 
mach_ref 
pts_ref 
mach_no 
tpCno 
cluster_no 
cluster_type 
allocated 
tool number 
tool life for the tool per regrind (in units of time) 
life left for tool at that point in time 
life left accounting for future allocated usage 
maximum number of uses the tool can have 
the actual number of uses to date 
sister number for the tool 
cell number the tool is allocated to 
STS number the tool is allocated to 
maximum number of regrinds allowed 
actual number of regrinds 
: the machine spindle the tool is in 
the PTS number the tool is in 
machine number 
tool pallet number 
if the tool is captive within a cluster 
: the cluster identification 
: tracking of the future usage of the tool 
This structure provides the overall data for the management, allocation and tracking of 
the tools for the issue strategies but does not identify the requirements for the issue/return 
of the tools and the control of this activity within the STS. 
To enable the flow of the tools it was necessary to identify the logic required for each of 
the identified strategies. The strategy as explained previously is selected by the user. 
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Tool Issue Logic 
(1) Check if a tool paIJet is available. 
(2) If a paIJet is free then issue tools according to the tool issue strategy for 
the cell. Figure 7.2 to 7.5 inclusive, illustrate the logic for each of the 
issue strategies identified. 
(3) If a tool is not available within the cell for use on the machine, create a 
new tool. This can be constrained by specifying a maximum number of 
any tool type allowed. 
(4) Transfer the tool to the tool pallet. A time is specified for individual tool 
transfer for accuracy. 
(5) Once the tools have been transferred the tool pallet, job and machine 
status is updated as required. Depending upon this status, the tool pallet is 
then unloaded and a request for another pallet logged if necessary. 
If the STS requires manual labour, the user can allocate this labour for the STS or for the 
cell. The STS can be either idle, busy, loading, unloading, broken down or waiting on 
labour. This module provides the emulator with the detail to model alternate tool issue 
strategies. It mimics the search routine and checks the tool availability and status for the 
tools demanded. The module is a key factor in enabling the alternate tool issue strategies 
to be evaluated for a particular cell, and to offer measures on the performance of that cell 
under these strategies. 
Primary Tool Store Module 
This module mimics the operation of the storage of tools at the machine. The module is 
designed to check if the required tool is available for machining the workpiece. The tool 
is then updated in status and the machine goes into cutting. If the tool is not available the 
machine state is waiting on tools. This state is held until the required tool arrives. As 
with the STS, the PTS is allocated pallets of tools which are then transferred to storage 
on the PTS and the pallet returned to the STS. This does not occur in the kitting strategy 
where the tool pallet is captive at the machine until the operations for that kit are 
completed. 
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The PTS utilises the common tool data described above and updates the life_left as the 
status changes. Status for the PTS can be idle, loading, unloading, waiting on tools, 
waiting on labour, busy or broken down. Again the PTS is aware of the strategies and 
handles the tools to their specified logic. The tool issue strategies are based upon the 
logic used within the algorithmic tool management package by De Souza [SOUZ,1986]. 
Within this package the tool management for tool issue focuses on kitting and differential 
kitting strategies. This work enabled the designer to achieve a rough cut approach to the 
total tooling requirement for a specific machining list. The disadvantage being that 
average transportation and loading times were used and there was no indication of bottle-
necks on transportation or unnecessary duplication of tools. Using tool flow emulation 
the designer can examine the tool handling system and achieve a more industrial 
representative output from the system. This is achieved by mimicking the tool loading, 
transportation and exchange times being accounted for. The transportation system can be 
a major bottle-neck within a high traffic density, the emulation enables the designers to 
examine these approaches in detail for any fine tuning necessary. 
7.6.2 Tool Transportation 
The transportation mechanisms used are equivalent to those used in work handling. To 
use the robot, AGV and gantry modules as generic modules for either work or tool 
handling it was necessary to build in a selection criteria. Variable speed was required to 
allow for the rapid transfer devices to be modelled, and the ability to define the 
transportation domain, the transportation of workpieces, tools or both. 
The modules are generic in the form that the overhead work handling gantry module can 
be used for the rapid overhead monorail within the tool transfer mechanisms. This 
substitution can be used whether a single tool or a pallet of tool is carried. Within the 
modelling process it is assumed that all tools are transferred via pallets from the STS to 
the PTS and vice versa. 
The transfer steps are summarised below: 
(a) transfer tools from the STS to a tool pallet, 
(b) transfer pallet to transporter, this will be zero time in the case of single tool 
transfer mechanisms, 
(c) transport to the PTS, 
(d) load tools into PTS, 
(e) transfer tools from PTS to spindle and vice versa, 
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(f) unload tools from PTS, 
(g) return to STS, and 
(h) unload back into STS. 
To enable the utilisation of the same modules the following additional information 
requirements were identified. 
(a) time to transfer a tool from STS store to pallet and vice versa, 
(b) time to transfer a tool from pallet to STS and vice versa, 
(c) time to load/unload pallets from the PTS and STS, 
(d) time to transfer tools to/from the spindle, 
(e) identify whether the transporter is for tools, workpieces or both, and 
(f) whether manual labour is required. 
The use of the above details enables the generic use of modules without taking an 
average time for tool transfer. This is necessary due to the need to examine manual 
requirements, if the transporter is a bottle-neck or if the tool issue strategy is suitable. 
The above details allow for the examination of the tool handling mechanisms as part of 
the overall FMC and with the same amount of importance. 
7.7 Conclusions 
The above work defines the related tooling factors that arise within FMCs. This includes 
the transportation and issue of the tools. If this modelling approach is applied the user 
can ascertain perceived tooling requirements for a cell assuming that the work is being 
scheduled via a work to list for each machine. The tool flow only approach does not 
allow the comparison of the competition that may arise between the workpieces and tools 
for resources and prioritising. 
What this work offers is a modelling forum for tooling, where alternative strategies for 
tool allocation can be compared. The STS and PTS modules mimic the decision making 
process involved in issuing the tools. 
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8.1 Introduction 
Dual flow modelling has been described for the purpose of this research as the control 
and scheduling of both workpieces and cutting tools within an FMC. Within this broad 
description, it is necessary to identify various modes of managing this combined flow and 
what would be deemed as the most "suited" method of management for particular 
categories of cells. Chapters 6 and 7 focus on the issues of work and tool flow 
independently from each other. This mode of examining the flows can be used when 
there is little movement of tools, where one can examine the work flow only, or, in the 
case of one-off jobs, with little commonality in tooling, where the tool flow needs 
investigating. This approach is inappropriate when neither flow is dominant, where one 
is examining a high cost cell (expensive workpieces and tools) and wants to achieve 
competitive outputs at a competitive cost, or where the transportation system needs to be 
examined for effectiveness in terms of selection, what entity to transport, and in some 
cases, speed of operation. 
The work in this chapter will examine the transportation networks for dual flow and from 
this investigate the control and operation for three cell management strategies. The 
transportation networks identified are single function, shared flow and mutually 
exclusive. These will be described in terms of their dual flow operation. 
The management strategies identified are, workpiece-oriented, tool-oriented and 
competitive. The thinking behind the control of cells whilst applying these strategies will 
be discussed identifying which flow gains priority and the rules and criteria applied once 
a dominating flow has been identified. 
8.2 Transportation Networks 
Three dual flow networks have been identified, single function, shared flow and mutually 
exclusive. It is assumed that there is automated transportation and it is necessary to 
identify which transporter will handle either the workpieces, tools or both. 
8.2.1 Single Function Network 
This network is defined as "single function" meaning a single visit to the machine. 
Transporters are used for the handling of both workpieces and tools where the workpiece 
and associated tools are transported at the same time to the workstation. Figure 8.1 
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depicts the flow sequence for the transporter. A typical installation that utilises this fonn 
of network is BAe Small Parts FMS at Preston [GOVL,1985] where the workpieces and 
the corresponding kit of tools are transported in one visit to the assigned machine. 
8.2.2 Shared Flow Network 
The defmition here is given to transporters that share the flow, i.e. they can transport 
either workpieces or tools but only a single entity at anyone time. Figure 8.2 illustrates 
the sequence of events where the transporter can either be scheduled to pick up the 
workpieces or tools. The Okuma plant at Oguchi utilises a single transporter for the 
transportation of workpieces and tools [HART, 1984]. The control in this case is 
simplified with the tool exchange being minimal and used for worn tools and breakages. 
If there were complex scheduling it would be necessary to prioritise the transporters on 
the transportation of work and tools as to which would gain priority in a clash. 
8.2.3 Mutually Exclusive Network 
In this case the work and tool transporters are completely independent and only transport 
either workpieces or tools and never the other entity. This network operation is used 
frequently where machines are serviced by a rapid tool transfer mechanism (single tools) 
for the exchange of worn or broken tools. The Yamazaki FMS at Worcester 
[KOCH,1986] is a prime example, where the tool flow is achieved using an overhead 
monorail. The control involved here is ensuring that the work and tools are available at 
the machine at the correct time. Figure 8.3 illustrates the mutually exclusive network 
with the work flow to the front of the machines and the tool flow to the rear. 
8.3 Cell Management Strategies 
8.3.1 Workpiece·Oriented Strategy 
Within this cell management strategy the workpieces gain priority within the cell. This 
would be evident in cells that have one-off production of jobs with little commonality 
between tooling, expensive workpieces with the tooling costs being insignificant in 
comparison or where machines have common resident tools and the workpiece can be 
scheduled to any machine. 
A workpiece-oriented strategy can utilise the following criteria during its operation: 
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(i) Priority - is always given to the workpieces. 
(n) Material handling network - any of the three networks could be utilised with the 
following modes of operation: 
(a) single function - the workpiece is selected and the tools are issued to meet 
that workpiece. 
(b) shared flow - priority of transporters will always be given to the 
workpiece, unless the machining is being delayed due to tooling needs. 
(c) mutually exclusive - the workpiece is selected and assigned to a machine, 
any tool issue will be based on workpiece priority. 
(Hi) Tool issue - kitting, differential kitting, single tool. These will be drawn with 
regard to the workpieces. 
(iv) Scheduling - this will be based on priority scheduling rules such as FeFS and 
slack. All of the scheduling is workpiece dominated. 
This mode of cell management has the advantage of being easy to control where 
everything is being dictated from the workpiece priority. Disadvantages would occur if 
there is commonality in tooling and duplicate tooling occurs unnecessarily. If there is 
one-off production and labour is required at tool changing, the use of dual flow is 
essential to monitor any bottle-necks, time for tool exchanges and transporter 
performance measures to ascertain the number required. 
8.3.2 Tool-Oriented Strategy 
. In this management approach the tools are dictating which workpieces can be machined, 
i.e. the workpieces are being scheduled with regard to the tools captive on the machine. 
This is evident in cells where cluster sets are held in machines and the workpieces can be 
machined at workstations that have their particular tool cluster sets captive, or where a 
machine is dedicated to a particular family of workpieces. 
A tool-oriented strategy can utilise the following criteria during its operation: 
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(i) Priority - the workpieces are scheduled with respect to the tooling captive on the 
machine, i.e. the tools dictate the schedule drawing the workpieces to specific 
machines. 
(ii) Material handling - shared flow or mutually exclusive. 
(a) shared flow - priority of the transporter will be given to tool exchange. 
(b) mutually exclusive - if the same network is used for both transporters, 
priority will be given to the tool flow. 
(ill) Tool issue - clusters and single tools. Here the cluster sets will be changed as 
necessary. The single tool transfer will be used for replacing worn and broken 
tools. 
(iv) Scheduling - this will be based on tool availability scheduling rules, all the 
workpieces for the first cluster being scheduled first and so on. 
On tooling it is necessary to identify which cluster sets gain priority. This can 
utilise the minimum number of tools or the maximum number of tools to 
prioritise clusters. 
This mode of management can again be controlled with the workpieces being dictated by 
the tools captive on the machine. The disadvantage is that it does not consider the effect 
this may have on due date for jobs or commonality between tooling. If one workpiece is 
required for assembly and that cluster set is not due on the machine, there is no over-
riding factor unless undertaken manually. 
8.3.3 Competitive Flow 
This management approach occurs frequently within industry when the production 
manager has to force a workpiece through the system to meet the required demand. In 
this approach neither the workpieces or the tools completely dominate the flow; trade-
offs occur between the two depending upon priorities at the time. This approach would 
be applied in cases where there are special "high cost cells", cells with high running costs 
and expensive workpieces. The aim here would be to enhance the economic performance 
of these cells by meeting the throughput demands and rationalising the tooling 
simultaneously. It is the authors view that the competitive cell management approach 
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will achieve this objective. In these cases it is necessary to meet the required output and 
run the cell in the most economical way. The second area is where there is a trade-off 
gap between the work-oriented and tool-oriented approaches where the majority of the 
scheduling is work or tool-oriented but if a certain range of criteria are met the control 
flips to the opposite strategy to overcome any bottle-necks or demand requirements. 
The graph illustrated in Figure 8.4 shows the competitive flow in the middle of the work 
and tool-oriented approaches. The view of the author is that if the "best" of the work and 
tool-oriented are combined, the outcome should provide competitive output demand 
requirements at a more economical performance. 
The following criteria can be utilised for a competitive cell management approach: 
(i) Priority - this fluctuates between the workpieces and tools. The starting priority is 
dictated by the tool issue approach adopted. 
(ii) Material handling - shared flow or mutually exclusive. 
(a) Shared flow - this can be used but it would make the control more 
complex as priority between workpieces and tools will fluctuate. 
(b) Mutually exclusive - to ease the complexity of control, the use of mutually 
exclusive networks in terms of control and the physical network is 
prioritised. 
(iii) Tool issue - Clusters, differential kitting and single tools. Clusters would be used 
when a tool dominated approach is adopted initially and differential kitting where 
workpieces are scheduled on priority but can be over-ruled by tooling. 
(iv) Scheduling - If the tool issue strategy is clustering, then the workpieces are 
scheduled with regard to the tools until a workpiece's due date can force a change 
of clusters. 
If differential kitting is used, then the tools are scheduled with regard to the 
workpieces. To achieve a more economical approach, the work is scheduled to a 
machine with regard to the tooling, this provides a combined cell management 
approach. 
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The "competitive" strategy should provide the more efficient use of a cell in terms of 
both output performance and economic running costs. This is expected as the strategy 
selects the best of the tool-oriented and work-oriented approaches where the aim is to 
meet demand as expected but achieve this at the same time as tool rationalisation. It is 
anticipated that there will be a trade-off at the expense of the throughput to rationalise the 
tooling. 
8.4 Operational Logic 
To achieve the dual flow modelling of workpieces and tools, it is necessary to identify 
the control and operational logic that would be necessary within each of the tool 
management strategies. Firstly the user has to identify which tool management strategy 
should be selected and then identify the criteria to be used during its operation. If the cell 
is already in operation, the criteria used within the priority sections described above can 
be used to identify the expected management strategy in operation. 
Control sequence steps. 
(1) select the tool management strategy, 
(2) select and define the transportation network, 
(3) select the tool issue strategy, 
(4) select the scheduling rules, 
(5) select/define secondary priorities if necessary, and 
(6) examine the control via emulation. 
Figures 8.5 to 8.7 inclusive illustrate the options that occur within the control sequence 
once the initial cell management strategy has been selected. The operational sequence is 
then dependent upon the transportation network and tool issue adopted. The figures 
illustrate the cell management strategy, the network options available under this strategy, 
and finally, the tool issue and scheduling rules that could be used in conjunction with 
these approaches. 
Option 1- Workpiece-oriented, Figure 8.5. 
From this it can be seen that any combination of networks and tool issue can be used to 
achieve a workpiece priority scheduling system. The only constraint is that if a "single-
function" network is used, kitting is the only tool issue strategy that can be used within 
the control logic. 
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Option 2- Tool-oriented, Figure 8.6. 
Within this cell management approach only a shared flow or mutually exclusive network 
can be used. A single-function network would not be used as it implies that the work and 
tools must arrive at the same time. It is the author's view that this would favour a work-
oriented approach in terms of control and operational criteria. The tool issue strategies 
that are not workpiece dominated, i.e. clusters and single tools, are applicable with the 
tools in both cases pulling the workpieces to specific machines. 
Option 3 - Competitive flow, Figure 8.7 
Again only the shared flow and mutually exclusive networks can be used within this 
mode of cell management. As explained previously, it is biased toward a mutually 
exclusive network to minimise the complexity of prioritising the work and tools for 
transported prioritisation. The tool issue strategies depicted illustrate that the loading and 
control rules will vary between differential kitting or single tool and that of clusters. 
With the use of clusters it is necessary to impose secondary priorities on both the 
workpieces and the tools. This would avoid a deadlock situation where a cluster set has 
just been loaded and is then forced off the machine. The differential kitting or single tool 
approach utilises a work-oriented approach for the workpiece entering the cell and a tool-
oriented approach for its despatch within the cell. 
S.5 Expected Performance 
It is the author's view that dual flow modelling enables the designer to ascertain more 
industrial applicable performance measures. Applying a competitive approach using a 
mutually exclusive network will achieve as good a standard for output demands within a 
cell at a more economic running cost than a cell operating under the other management 
approaches. To validate this thinking the following chapters will examine a cell under 
each mode of cell management, use the emulator to achieve expected performance 
measures and compare the results. 
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Chapter 9: Dual Flow Models 
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9.1 Computer Models 
To compare the three cell management strategies identified, the Loughborough Emulator 
was used as a tool for investigating the interaction between the work and tools, and the 
effect of each of the proposed strategies. The outputs from the emulator could then be 
compared and used as a basis for evaluating the thinking behind dual flow control. 
As described in Chapters 6 and 7, the author has determined the individual modules 
necessary to examine work flow and tool flow independently. These modules included a 
generic transportation representation where robots, gantries and AGVs could be 
modelled, a primary tool store module to mimic the tool exchange between the PTS and 
to the STS, and finally a secondary tool store module to mimic the loading and unloading 
of tools, preparation of tool kits and clusters and the assignment of these tools to/from the 
STS to/from the machines. 
To enable the modules to interact it was necessary to identify the ceIJ management 
strategy via the overall controlling module for aIJ the individual subsections within a 
factory. This control module enabled the researcher to investigate alternative operational 
strategies by selecting various operational criteria based upon the initial user selection. 
A single computer model is used for the three modes of operation, work-oriented, tool-
oriented and competitive. 
9.2 User Interaction with the emulator 
To use the emulator, the following steps were deemed necessary by the author as the 
decision making criteria. 
Step A: Ascertain whether dual flow needs modelling 
A-1 Firstly a rough cut measure on performance and expected tooling requirements is 
worth undertaking for the alternate designs. This can be used in the initial 
elimination of design alternatives. 
A-2 If the expected tooling requirement for a machine is greater than its' PTS capacity, 
or if the tools are of high cost, or the user wishes to examine the economics or 
expected constraints e.g. special tools then Step A-3 is recommended. 
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A·3 If the tooling is high cost, restricted tools are duplicated, the part variety is 
indicating large tool changes which may effect cell performance or there is a 
capacity problem indicated at step A-2 then the user is recommended to examine 
the dual flow. 
StepB: Identification of the Cell Management Strategy. 
Before the dual flow emulation is started it is necessary for the user to input data. 
The key requirements from the user apart from the elements within the cell and 
the workpiece attributes is the input of the management strategy to be adopted 
within the cell. To identify which cell management and tool issue strategies to 
select the following questions can be used for guidance: 
B·l Is the main criteria to get the workpieces out as soon as possible, regardless of 
tooling cost/duplication? Work·Oriented. 
B·2 Are there clusters evident within the part/tool families? Run cluster analysis 
package at this point to answer above. Tool·Oriented. 
B·3 Are both the workpieces and tools expensive, or do neither the parts or tools 
dominate? Competitive. 
StepC: From the answer to the above the user should select from the following 
cell management strategies. 
Note: If the user is unable to ascertain the cell management strategy the 
default is the competitive strategy. 
C·l Work-Oriented: This will not rationalise tooling but will indicate the time 
allocated to tool changing and the effect on performance. The user will have to 
select a tool issue strategy depending upon the hardware being examined. This 
will indicate whether kitting or differential kitting is deemed more appropriate. 
C·2 Tool-Oriented: This will examine the cluster sets on the machine tool and enable 
the initial set-up configurations to be input. The work will be drawn to the 
machine tool that has either the corresponding cluster set or the least number of 
tool changes required. 
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C·3 Competitive: This is a combination of both a work and tool oriented operating 
strategy. The loading/control of the work will be selected in a dynamic format, 
taking account of the current status of the cell. Priorities will be given to work 
and tools, with trade-offs between the two. 
StepD: Examine Design Alternatives 
D·I Examine proposed/existing system in detail. This encompasses initial designs, 
extensions to existing cells or for the examination of the effect that a dramatic 
change on work variety may have on the cell. 
D·2 Various cell management strategies can be examined if the user wishes to 
compare the effect and operation of alternative approaches. 
D·3 Compare performance in terms of hardware selection, running costs and control 
mechanisms adopted. 
StepE: Analyse Results 
The user has to analyse the results and identify which are the key criteria for their 
company. 
9.3 Emulator Input Requirements 
To enable the emulation of dual flow modelling the following data requirements must be 
input. A menu-driven screen is used for this purpose. Firstly, the user selects which 
facility they wish to use from the MAUDE interface via the mouse on the workstation. 
The initial design tool selection is illustrated in figure 9.1, where a facility is selected by 
clicking the mouse on one of the boxes. The user selects one of the boxes and is then 
input to the front end for that subsection of the design tool. If the emulator is chosen the 
user is requested to click the mouse on one of the boxes to select either pan flow, multi-
cell or dual flow modelling this is achieved via the interface depicted in figure 9.2. Once 
the dual flow emulator has been selected the user can configure the necessary data by 
using the button selections shown in figure 9.3. The level of detail that can be included is 
shown in figure 9.4, where the information for a machine is illustrated. 
The overall input requirements for the dual flow emulation of a cell are as follows: 
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(a) cell management selection; workpiece oriented, tool oriented and 
competitive, 
(b) transportation network selection; mutually exclusive, 
(c) select the scheduling rule to be adopted, secondary priority times if 
necessary, 
(d) select a tool issue strategy; kitting, differential kitting, single tool(s) and 
clusters, 
(e) if cluster sets, cluster set priority table (this can be calculated via a front 
end), 
(f) enter data for the number of transporters and type, e.g. gantry, and their 
speed of transportation, 
(g) enter data for transportation network details; mutually exclusive, number 
of stations, distances, 
(h) define transporter allocation details for each transporter; workpieces, tools 
or both entities, 
(i) enter data for the number of machines within the cell, 
G) enter data for tool store capacities, 
(k) enter data for the workpiece details, cutting times, set-up, alternative 
routes, processing times, is a manual operator required, 
(I) enter data for the cutting tool details, tool life, number of each tool, 
number and type of tools in each cluster set, 
(m) enter data for the load/unload times for workpieces and tools, 
(n) enter data for manual operation details; number off, allowed operations, 
tool operations, swarf removal, 
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(0) draw a scaled layout for identification of transportation network, machine 
positions, buffers and load/unload stations, 
(p) enter data for the number of buffers in the cell and their capacities, and 
(q) enter data for the number of load/unload stations and their capacities. 
For each of the 'enter' instructions the configurator is used for entering the data into the 
database. 
9.4 Dual Flow Outputs 
The following outputs are available from the emulation of dual flow: 
Primary outputs - indicate overall cell performance measures. These include throughput 
time, station performance figures, transporter performance figures, lead times and manual 
performance measures. 
Secondary outputs - include perceived tooling requirement, tools introduced during 
emulation run, sister tooling, tool life left and tool traffic density. 
These modelling assumptions and the output performance measures will be used to 
compare the alternate strategies. 
9.5 Emulation of Dual Flow - How it was implemented 
To examine alternate cell management strategies it was necessary to implement various 
modules within the emulator to control these based on their dual flow interactions, using 
the decision making structure of the strategies and operational rules identified in chapter 
8. The following modules; decision/control, STS and PTS were implemented to illustrate 
the thinking of the dual flow work. 
9.5.1 Decision/Control Module 
For the assignment of workpieces and tools, the allocation of transporters and machines it 
was necessary for an overall control module to be in place. The purpose of this module is 
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to decide the priorities based on the cell management strategy and the tool assignment 
strategy in operation and allocate the workpieces and tools based on the decision making 
structure. The following sequence of steps is undertaken within the decision module: 
(1) Allocation of the workpiece to the machine. This utilises the following 
information: 
(a) the cell management strategy, 
(b) the tool issue strategy, 
(c) workpiece priorities, and 
(d) tooling captive on the machine. 
From this the workpiece is allocated to a machine based on either the machine 
loading, first machine in the group or the tools captive on the machine. The 
decision making at this stage prioritises the workpieces and machine selection 
based on the cell management criteria described in chapter 8. This is inbuilt 
within the software and requires no user interaction once the information is stored 
in data files. 
(2) Once the workpiece is allocated to a machine a signal is sent to the STS module 
which checks, if tools need to be assigned to the machine. The STS module is 
responsible for the issue of any tools to a machine. This is described in detail in 
section 9.2.2. The signal is continually sent to the STS until it acknowledges that 
it is now handling that job and allocating the necessary tools. 
(3) A transporter is allocated to the workpiece whether or not tools have been issued 
from the STS. The allocation of the transporter and the decision making is 
described in chapter 6, section 6. 
(4) As the workpiece arrives at the machine the decision module has to check if the 
tools are available. If a kitting strategy is used the workpiece does not commence 
machining until all the tools are loaded. In the other strategies being examined 
machining can commence, but if a tool is not available the workpiece is held until 
the tool is loaded onto the machine. 
128 
9.5.2 Tool Issue - STS Module 
This incorporated the identification and structuring of possible tool assignment within an 
FMC. The four tool issue strategies identified were kitting, differential kitting, single tool 
and clustering. The STS module was constructed to mimic the store within a cell 
responsible for assigning and issuing the tools to specific machines. The following 
information was required for the higher level decision making within the STS:-
(1) the cell management strategy selection, and 
(2) the tool issue strategy. 
The rules and operating strategies were implemented as follows: 
(a) Work-oriented - Cell Management Strategy 
(i) Tool Issue - kitting. The work enters the cell and is allocated to a specific 
machine based on the ability of that machine to perform the operation and the 
priority of the workpiece. The tool kit required to perform the part processing is 
assembled, with the STS module identifying the part type and loading the 
necessary tools. Tool duplication is accounted for by the summation of the 
cutting times and allocating the number of tools needed to meet this tool life 
demand. If the tool is on another machine, the workpieces in this case gains 
priority and a duplicate tool is introduced into the STS. 
(ii) Tool Issue - differential kitting. Again the work is scheduled based on workpiece 
priorities. The STS module in this case takes account of the tooling already 
captive on the assigned machine. To allocate the tools the life-left on the captive 
tools is considered. This is based on the life left after the tool has completed all 
the cutting already assigned to the machine. The resulting tools issued equal the 
difference between the captive tools on the machine and any tools on their way to 
the machine, and the overall tooling requirements for the workpiece. 
(b) Tool-oriented - Cell Management Strategy 
(i) Tool Issue - Single Tool. In this case the workpieces are scheduled with respect to 
the tooling on the machine. The STS module is used in assigning any additional 
tools due to tool life demands. It is assumed that the tooling on the machines 
consists of resident tooling or the collation of any allocated tools. Under this 
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approach the work is issued to the machine requiring the minimum number of 
additional tools to process the part. 
(ii) Tool Issue - Clusters. The workpieces are scheduled with respect to the cluster 
set Each cluster set is defined via a user interface. The STS module is 
responsible for building the cluster set which consists of a number of tool types 
and the number of each tool type required. The detail of each cluster set is input 
from the user prior to emulation. Prioritising cluster issue to a machine is based 
on the number of tools required per cluster. The cluster set with the minimum 
number of tools is loaded first and this is repeated until all the cluster sets have 
been aIlocated and retumed. The STS is instructed via the controlling module to 
allocate a cluster once the present cluster on the machine is processing its last 
workpiece. The clusters are issued as fuIl sets. 
(c) Competitive 
(i) Tool Issue - Single Tools. The emulation in this case schedules the workpiece 
with regard to work-oriented scheduling rules for ceIl entry. For machine loading 
a tool-oriented approach is adopted. The tool-oriented approach loads the 
workpiece to the machine requiring the least number of additional tools. The STS 
module identifies the tool types and the numbers required and issues them to the 
allocated machine. 
In summary, the STS module assigns tools under the following criteria to mimic the 
control rules discussed 
(1) The tools required are identified. 
(2) Tools are loaded into a tool carrier. 
(3) The number of tools required is calculated based on the tool life of the tool and 
the cutting time for the process. 
(4) If a new tool is needed and the maximum number of tools for that type has not 
been reached within the cell, a new tool is created within the STS. 
(5) The STS module updates the tool status in tenns of where it is captive, tool 
transporter or STS, and the allocated life for the tool. 
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(6) A time is defined for loading each tool to the transporter. The STS module 
mimics this and emulates the time taken. 
(7) If clustering is used, the STS loads the completed cluster set. 
(8) An of the above only happens if there is a tool pallet (carrier for the tools) 
available. If there is no tool panet available the decision module sends a signal on 
the next time cycle. 
(9) Tools are returned to the STS with the life left and status of the tool ( worn, free) 
being updated when it is loaded back to the store. 
(10) Manual loading, unloading and movement of the tools is an option. 
Within the STS module various states are identified to enable the detailed movement of 
tools and panets to be mimicked. The states in use are; 
(i) the STS is broken down and not in operation, 
(ii) idle, 
(Ui) loading the tool panet from the buffer to the STS, 
(iv) unloading the tool panet from the STS to the buffer, 
(v) time taken to unload tools back into the STS, 
(vi) time taken to load the tools from the STS to the tool palIet, 
(vii) waiting for tools, 
(viii) request for an operator to transfer the tool pallet to/from the STS. If an operator 
is not available the STS remains in this state until one is allocated, 
(ix) request for an operator to load/unload tools into the tool pallet, and 
(x) waiting on a transporter. 
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9.5.3 Tool Loading - PTS Module 
Tool loading is the loading of the tools onto the storage facility at the machine. Once the 
STS has issued the tools, they are then transported to the PTS and the following loading 
conditions are in operation: 
(i) Kitting. The tools are loaded into the PTS. With this mode of loading the kit is 
assigned to the machine for the duration of the workpieces processing time. Once 
the workpiece is machined, all the tools are removed and returned to the STS. 
During the processing time, the tool pallet is held captive on the PTS. 
(ii) Differential Kitting. The tools are loaded on to the PTS if there is no capacity 
problem. If there is a capacity problem, worn tools or those with less than 10 % 
of their tool life left and are not required on the jobs allocated are exchanged with 
the new tools until all the allocated tools are loaded. Tools are only removed 
from the PTS if there is a capacity problem. The tool pallet returns to the STS 
whether or not it is carrying any worn tools. 
(iii) Single Tool. The tools are loaded onto the PTS with any worn tools being 
removed. The tool returns to the STS. 
(iv) Clusters. The cluster set is loaded onto the PTS. The old cluster set is removed 
before the new cluster set is loaded. This can be undertaken at the same time or 
using different tool pallets. 
As with the STS, manual operation can be assigned to aid in the loading/unloading 
process. The overall times are calculated with regard to the time taken to load/unload a 
single tool. If an operator is not available then the PTS monitors the waiting time. 
Loading and unloading of the tools is possible during machining. The PTS module uses 
the following states; 
(i) the PTS is broken down and not in operation, 
(ii) idle, 
(iii) loading the tool pallet from the buffer to the PTS, 
(iv) unloading the tool pallet from the PTS to the buffer, 
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(v) set-up time, time taken to load the tools into the PTS, 
(vi) time taken to load the tools from the PTS back into the tool pallet, 
(vii) waiting for tools to be returned to the tool pallet, 
(viii) waiting on a transporter, 
(ix) request for an operator to load/unload the tool pallet to/from the PTS to the 
attached buffer, and 
(x) request for an operator for the exchange of tools at the PTS. 
9.5.4 Emulator Assumptions· General Criteria 
The following geneml assumptions are used within the dual flow emulator: 
(\) Selection Options 
Cell management (a) work-oriented 
(b) tool-oriented 
(c) competitive 
Transportation network (a) mutually exclusive 
Tool issue (a) kitting 
(b) differential kitting 
(c) single tool(s) 
(d) clusters 
(2) The dual flow model is for cell operation and can only be used to examine dual 
flow facilities. 
(3) Minimum time unit equals 0.01 minute. 
(4) Maximum number of machines recommended is four per cell. 
(5) The STS and PTS can only service one tool pallet at a time. 
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Chapter 10: Emulator Computational Environment 
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10.1 Introduction 
This chapter will introduce the reader to the user interaction required to undertake the 
emulation of a dual flow cell. The mode adopted for the input of data, the data required 
and how the user is guided through this input will be explained. The input and outputs 
available will be described and the modelling assumptions defined. 
10.2 Emulator Operational Structure 
The operational structure of the design aid is based on three main facilities, the cell 
configurator, the evaluator and the emulator. Each of these facilities enables the user to 
operate within a totally data driven "non programming" environment. The areas of direct 
relevance to this research are the cell configurator and the emulator. The assumption has 
been made that static modelling has indicated the need to emulate the machining 
environment. 
10.2.1 Cell Configurator 
The cell configurator is a software tool which guides the user through the necessary data 
input requirements to aid in the design of their FMF. It uses the INGRES database 
management system for the cell data specifications. The configurator is selected by 
"clicking" the mouse over the box highlighted in Figure 10.1. Once this has been 
selected, the user is able to edit an existing cell definition or construct the cell 
configuration from scratch. The interactive database menus guide the user through all the 
user input required. An example of a data entry screen is depicted in Figure 10.2. This 
screen illustrates the options available for input. The entities that the user can select from 
are !)1achining stations, tool stores, transporter systems, pallets, parts, tools and fixtures. 
Once the selection has been made a data input screen is presented where the user inputs 
information on such entities as machining station, name, size and type to name but a few. 
An example screen is shown in Figure 10.3. 
The user interface inputs can be summarised as follows: 
Number of cells 
Machine tool information 
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capaclUes, load/unload buffers, PTS capacity, number of, time to 
load/unload, manufacturer's name and machine type and size. 
Processing data 
number of workpieces, description, number of operations, set-up times, 
tool requirements, number of sub-operations, routings, priorities and due 
dates. 
Material handling 
type (RGV, AGV, gantry, robot), speed, number of, entities it can 
transport, transport area, capacity. 
Manual Operators 
number of operators, where they are used, time available. 
Scheduling rules 
FIFO, SPT, pallet priority, slack, slack/operation, due date. 
Operational assignment 
workpieces, pallets 
Secondary Tool Store Details 
capacity of tool store, tools already captive, exchange time 
Cell management strategy 
work-oriented, tool-oriented, competitive 
Tool issue strategy 
kitting, differential kitting, clusters, single tool. 
The user is led through the above input requirements to provide the definition of the 
system being examined. 
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10.2.2 Interactive Graphical Layout 
Once all the data has been input, the second stage is to draw a scaled plant layout of all 
the static elements within the proposed cell (This could be done in parallel or before the 
database configuration). The DOGS computer aided design graphics system is used. 
Once the drawing is complete an IGES file is created. This allows the flexibility of using 
any CAD system that produces IGES output. A computer program is then run to 
interpret the IGES file and uses the SUN GKS for graphical animation. This provides the 
static layout. User-interactive programs are then run to produce the data files for 
transporter routings, pallet and buffer movements. Figures 10.4 to 10.6 illustrate the 
route input information, the pallet movement and rotational movements that are input via 
the interactive menus. This stage is necessary when emulating to enable detailed 
transporter routing and secondly to provide animated graphical output. 
10.2.3 Emulation 
To run the emulation the user enters through the MAUDE interface selecting the 
Emulator. The next stage is to select the emulation model to be used, in this case, the 
dual flow model is selected, Figure 10.7. The cell definition is then automatically 
configured to provide the necessary files to be used in the emulation. This is achieved by 
running a set of software programs. The files created include part processing data, 
machine data, transporter data and so on. Figure 10.8 shows a typical machine data file 
which is created via the software modules. Once the data is configured and all the 
graphical data files are created, the emulation can begin. Two options are available: the 
user can run the emulation until all the jobs are complete, or for a pre-determined time 
period which will give enough input data. The output information is in the form of a data 
file which is then interpreted to give overall cell performance measures. 
10.2.4 Output Information· Dual Flow 
The emulator is capable of producing vast amounts of data for the designer/engineer to 
digest and analyse with regard to overall cell performance measures, details about 
individual tools and their status. Scaled animated outputs of the model are offered for the 
examination of bottle-necks and layout specifications. The outputs can be used to 
ascertain the most appropriate operating strategies for the cell under consideration. 
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Three levels of outputs are made available to the user. These are part flow outputs, 
primary tool flow measures and secondary tool flow measures. The following output 
performance measures illustrate examples that are available after the emulator run: 
Part Flow Outputs Machine utilisation in cutting, set-up and idle, transporter 
performance in travelling, load/unload and idle, part lead times, manual activities and 
utilisation. 
Primary Tool Measures - These offer general cell tool flow measures. The minimum 
tooling requirement, which is calculated with respect to the available tool life for the 
tools and the machine loading duplication. A simple check on both the types and number 
of tools held in the tool stores Secondary Tool Store (cell tool store) and Primary Tool 
Store (machine store). A perceived tooling requirement, i.e. a summation of the 
minimum tooling requirement and the number of new tools introduced. The live cell 
content which is the number of cell stored tools and respective tool types excluding tools , 
which have left the cell. 
Secondary Tool Flow Measures - These outputs are more specific and identify the 
number of tools introduced due to worn tools or a change in production schedule. Details 
of tool histories such as the residual tool life and the tally of their number of uses is 
available. 
The output information is achieved through running two software programs, one giving 
the part flow outputs and the second giving the tool flow outputs, see Appendix D. 
10.2.5 Operational Steps· Dual Flow Emulation 
The. operational steps involved can be summarised as follows: 
Step 1: 
Step 2: 
Step 3: 
Step 4: 
Step 5: 
Input the Data 
Select the cell configurator from the MAUDE interface. 
Add the input information for the cell being considered by selecting each 
of the elements shown in Figure 10.2 and input the data (Figure 10.3). 
Select the specification build option. 
Enter the cell project name 
Return to the MAUDE interface 
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Step 6: 
Step 7: 
Step 8: 
Step 9: 
Step 10: 
Step 11: 
Step 12: 
Step 13: 
Step 14: 
Step 15: 
Step 16: 
Step 17: 
Step 18: 
Confil,wre Emulator 
Select the Emulator from MAUDE 
Select dual flow Emulation, Figure 10.7 
Automatically configure the data. This selection runs a set of software 
programs. 
Animation Data Confil,mration 
Create an rOES file of the layout 
Convert to SUN OKS output 
Define the transporter routings and areas, Figure 10.4 
Enter pallet and buffer movements, Figures 10.5 and 10.6 
Run a program to configure proximity data file. 
Run Emulator 
Configure the emulator to run for the defined cell. This is done by 
running the configuration program. 
Run for a set time period (user defined) 
Run the output module to achieve performance measures 
Display the animated output 
User compares results 
10.3 Dual Work and Tool Flow Emulation - Modelling Assumptions 
This section lists the constraints present in the Dual Flow Emulation of FMCs. 
Work pieces 
a) All workpieces (jobs) to be produced must be entered in a job list, with data on 
the earliest time to be released, their required completion time, a batch 
requirement and their processing time characteristics. 
b) Workpieces are produced according to the scheduling rules specified by the user. 
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c) Pre-emption is not permitted. once a job is entered it must be processed until 
complete. 
d) No jobs included in the work list are allowed to be cancelled unless pre-specified. 
e) Each processing operation may consist of a number of SUb-operations. 
f) Each sub-operation is considered as a tool activity. 
g) Workpieces may be assigned to machine groups or specified machines. 
h) Workpieces may have alternative routes to be processed with alternative times. 
i) Batches of workpieces may be specified for production on a number of pallets. 
Machines 
a) The flexible machining cell is considered idle at the commencement of the 
emulation period. and the machines are available to work. 
b) Each machine may be put in a state of breakdown for a specified period defined 
by the user. 
c) The tool store for each machine is defined as having a finite number of tool 
pockets. 
d) No machine may process more than one operation at anyone time. 
e) For a machine to process a workpiece or pallet of workpieces. the required tooling 
must be available before processing can begin if a tool kitting strategy is used. 
f) Machine tool stores are linked to a tool material handling system to transfer tools 
between a cell tool store known as a secondary tool store. 
Manufacturing Systems 
a) Three options for the flow of work and tools will be available. workpiece 
oriented. tool oriented and competitive flows. 
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b) Rules for the transfer of tools to the machines using the above options will be 
defined as tool kitting, differential kitting, single tools transfer or clusters. 
c) A mutually exclusive transportation network can be used. 
Tooling 
a) Tools are defined for the machine processing operations of each workpiece, with 
the processing time for each tool activity being known. 
b) Tools are allocated a single pocket. 
c) The number of tools present in the system is dependent upon the work and tool 
schedules used and the cell tool capacity constraints. 
d) Tool life must always exceed or equal the operation time. 
e) Tool breakage is not considered statistically, but a tool life limit is set at or above 
which the tool is considered unsuitable for use. 
10.4 Conclusion 
The emulation of dual flow work and tool flows has been discussed with an operational 
prototype being used to undertake studies in this area. Emulation has been used as it 
offers a detailed study of a manufacturing system using actual values for parameters such 
as processing times. 
The computational environment for this prototype enables the user to be guided through 
data specification and undertake a detailed study of a system with minimal software 
experience. 
The definition of the modelling requirements to achieve the dual flow emulator is an 
important area of the research. It was necessary to analyse dual flow behaviour and 
provide a solution to interpreting this behaviour within a model. The dual flow emulator 
is a result of this analysis and implementation of the control rules identified. 
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Chapter 11: Case Study 
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11.1 Introduction 
To validate the thinking that the "competitive" cell management strategy will offer a 
more economical operation of an FMC, the following case study based on an industrial 
manufacturing cell was undertaken. The aim of this study is to investigate the 
performance characteristics of the three cell management strategies identified, namely, 
work-oriented, tool-oriented and competitive, and to compare the results with the 
hypotheses above. 
11.2 Case Study Cell 
11.2.1 Introduction to the Cell 
The cell bei~g used in this study is an extended version of the single machine cell at 
Rockwell. The Rockwell cell and initial studies are examined in detail in Appendix A. 
The reasons for expanding the cell were twofold: firstly, to validate the author's thinking 
using an industrial based example and secondly, to provide information for expansion 
within the company. 
The extended cell is depicted in Figure 11.1, it consists of two Waldrich Seigen vertical 
machining centres, an RGV for work transfer and a robotic portal overhead tool gantry 
for tool transfer. Figure 11.2 shows a photograph of the machining centre involved and 
the workpiece sizes, whilst Figure 11.3 shows a close-up shot of the tool changer within 
the cell. The workpieces used in the study are those required to produce the frame for 
printing presses manufactured by Rockwell PMC. Their processing time can range from 
4 to 16 hours with the roughing operations demanding a large input of manual labour due 
to the need for swarf removal. The extended cell operates under automated transfer of 
work and tools with manual fixturing, loading and unloading of tools within the STS and 
when required during the machining process such as for swarf removal. 
11.2.1 Objectives 
Applying various cell management strategies has an overall effect on the performance, 
ease of control and running costs of a cell. The objective for this study was to model this 
particular cell under the three cell management strategies and compare the outcome. 
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The advantages and disadvantages that arise from each strategy will be identified and an 
assessment of the hypothesis that the "competitive" cell management strategy will offer a 
more economical operation of an FMC. 
11.2.3 Cell Entity Details 
To enable this comparison to be undertaken, the following entities and assumptions for 
the cell and model were used: 
Number of machines 
PTS capacity 
STS capacity 
Part transfer 
Tool transfer 
Load/unload stations 
Machine buffer capacity 
Temporary storage 
Work pallets 
Tool pallets 
Workpiece types 
Number of jobs 
2 vertical machining centres 
210 tools 
1000 tools 
lRGV 
1 robot portal overhead gantry 
1 off, capacity 1 pallet 
1 pallet 
5 off, capacity 1 pallet 
6 off, 6 types (fixtures) 
5 off 
24 
120 (5 off each workpiece type) 
Each of the above criteria was common to each of the studies. 
11.2.4 Workpieces 
The following workpieces were scheduled through the cell. Parts one to twelve are 
actually being machined within the industrial cell at present. To examine a greater 
number of tools and part types, these were duplicated to include imperial frames that 
would be introduced for manufacture within the cell in the near future. The frames are a 
GI6, G14, G141 and G16L These are split into various operations to allow for 
refixturing. The operations of the workpieces and their description are described below: 
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Workpieces and Description 
Part No. Frame 
1. 016 
2. 016 
3. 016 
4. 016 
5. 016 
6. 016 
7. 014 
8. 014 
9. 014 
10. 014 
11. 014 
12. 014 
B. 0161 
14. G16I 
15. 0161 
16. 0161 
17. 0161 
18. 0161 
19. G141 
20. 0141 
21. 0141 
22. G14I 
23. G14I 
24. G14I 
Operation T}l1e 
Roughing 1 
Roughing 2 
Finishing 1 
Finishing 2 
Finishing 3 
Finishing 4 
Roughing 1 
Roughing 2 
Finishing 1 
Finishing 2 
Finishing 3 
Finishing 4 
Roughing 1 
Roughing 2 
Finishing 1 
Finishing 2 
Finishing 3 
Finishing 4 
Roughing 1 
Roughing 2 
Finishing 1 
Finishing 2 
Finishing 3 
Finishing 4 . 
actual ceIl 
workpieces 
additional 
workpieces 
An example of the operation details in terms of tooling and set-up is depicted in Figure 
11.4. FuIl details of all the workpiece processing times, set-up times and tooling can be 
found in Appendix B. 
11.2.5 Fixtures 
Each of the fixtures is assumed to be used for a particular type of workpiece. The 
fixtures and corresponding workpieces are: 
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Fixture WorJmiece 
1 -----> 3,5,9, 11 
2 -----> 4,6, 10, 12 
3 -----> 8,7, 1,2 
4 -----> 15,17,21,23 
5 -----> 16,18,22,24 
6 -----> 13,14, 19,20 
Within the emulation the fixture is equivalent to the pallet type. 
11.2.6 Manual Operations 
The manual operations required within the cell are: 
refixturing 
swarf removal at the machine 
tool exchange 
load/unload at PTS 
load/unload at STS 
load kits/clusters 
The manual operations are depicted in Figure 11.5 and their cell positioning shown. 
11.3 Cell Operating Strategies 
The following defines the operating conditions for each of the strategies. 
Strategy 1: Tool-oriented cell management 
(a) For" this strategy the workpieces are scheduled with regard to the tooling captive 
on the machines. 
(b) Tool-issue strategy - clusters 
(c) Number of clusters - 8 
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To detennine the number of clusters required, a clustering package designed by 
John Doyle, School of Management, University of Bath was used [DOYL,1992]. 
This package required the input of workpiece infonnation and the tools used for 
the processing of each wOrkpiece, the outcome being that of gmuping the 
workpieces together that have an overlap in tooling. From this, eight clusters 
were identified. The details of this package and the output data are summarised 
in Appendix C. 
(d) Minimum tooling - 297; this is the minimum number of tool types to make the 
overall clusters, excluding sister tooling. 
(e) Clusters are scheduled to the machine in order of minimum number of tools on a 
cluster. 
(f) All workpieces relating to the cluster on the machines are scheduled and 
processed before the cluster set is exchanged. 
(g) There is no consideration of part due date. The priority is given to tool exchange 
and the workpieces are scheduled on a First In First Out approach until all of the 
part family for that cluster are processed. 
The decision making criteria for this strategy are depicted in Figure 11.6 (a) and (b). 
Figure 11.6 (a) shows the workpiece allocation and (b) the tool allocation decision 
making. Both the workpiece and tool allocation occur in parallel with one another. 
Strategy 2: Work piece-oriented cell management 
(a) For this strategy the workpieces are scheduled on their priority and the tools are 
scheduled to meet the demand. 
(b) Tool issue strategy - differential kitting. 
(c) Minimum tools - 261; one of each tool type. 
(d) Workpieces are scheduled in order of priority, in this case First Come First 
Served on the joblist. 
(e) The machine loading is undertaken on number of workpieces queuing. 
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(f) There is no consideration to tooling; the workpieces are scheduled on the machine 
loading only. 
Figure 11.7 illustrates the decision making process for this strategy. 
Strategy 3: Competitive flow cell management 
(a) For this strategy the workpieces are scheduled into the cell based on work 
priority. They are then scheduled to the machines based on the tool-oriented 
approach of minimum tool exchange. 
(b) Tool issue - single tools. 
(c) There is no consideration of queue length/waiting time for the workpiece at the 
machine. 
Figures 11.8(a) and 11.8(b) depict the decision making process involved. 
11.4 Emulation of Strategies 
11.4.1 Initialising the Emulator 
To enable the emulation to be used the following steps were undertaken: 
(a) Enter all the data via the cell configurator selecting the correct strategies 
for strategy 1 (see Section 10.2.1) 
(b) Enter the scaled layout details for the cell depicted in figure 11.5. From 
this it can be seen that there are two transporter areas, one for part flow 
only and one for tool flow only (Section 10.2.6). 
(c) Configure all the data and run the emulation. 
(d) Once all the workpieces are complete, save the output data and interpret 
the output infonnation. 
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For the other strategies, step (a) is entered with the user editing the existing configured 
data to examine a competitive strategy with single tool transfer, (c) and (d) are then 
repeated. 
11.5 Outputs 
The outputs achieved from each of the strategies are summarised in Tables I and 2. 
Table 1: Work Flow Outputs - Overall Performance Measures 
Output Strategy I Strategy 2 Strategy 3 
Tool-Oriented Worlc·Orienced Competitive 
Running time 
(minutes) 12921.11 10962.25 13101.69 
Slatian Machine 1 Machine 2 Machine 1 Machine 2 Machine 1 Machine 2 
performance (%) 
set-up/cutting 80 65.8 88 86 93 51.7 
idle 20 34.2 12 14 7 48.3 
first time used 27.44 76.01 148.60 74.47 27.44 125.93 
time since last 27.11 847.37 116.55 25.92 27.11 5521.10 
llSed 
LoadlU nload 
in use 46 45.69 45.49 
repal 15.5 24.60 21.0 
refix 20.9 24.49 21.0 
wait 14.0 0.5 0.2 
load/unload 3.6 4.8 4.0 
Man""-i Labour 
No: 0 36.51 13.05 27.50 
1 31.00 45.59 47.50 
2 25.00 35.51 22.00 
3 8.00 5.85 3.00 
No. of Jobs 
Mach 1 60 62 80 
Mach 2 60 58 40 
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Table 2: Tool Flow Outputs - Primary Output Measures 
Output measure Strategy I Strategy 2 Strategy 3 
TooI,Oriented Work-Oriented Competitive 
Minimum tools 297 261 261 
Perceived tools 806 710 497 
Tools added 509 449 236 
Traffic density 1416 1839 1011 
to PTS 825 959 503 
to STS 591 871 508 
11.6 Discussion of Results 
11.6.1 Introduction 
This section of the chapter examines the results obtained from the case study and 
describes the author's perceptions of these results. Firstly each strategy will be examined, 
describing what the outputs show, and, secondly, the strategies will then be compared to 
each other. 
11.6.2 Strategy 1: Tool-Oriented 
The overall performance measures indicated that the number of workpieces processed by 
each machine was equal. For this panicular study this is a result of the clusters formed. 
The time since last used is a consequence of this clustering and the processing time for 
the workpieces; they range from 4 to 16 hours. If the study was continuous this would 
balance out. 
From the tool flow outputs, it can be seen that additional tools have been required. This 
number is high due to the need to transport full cluster sets with all the tooling for the 
pan family. The tools are duplicated across other cluster sets which leads to additional 
tooling requirements if they are in demand at the same time. 
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11.6.3 Strategy 2: Work-Oriented 
The work-oriented strategy achieves the quickest throughput time for all the workpieces, 
although the tooling and manual labour demands are much greater. It offers a more 
stable machine loading in terms of utilisation in comparison to the other strategies. This 
strategy uses FIFO scheduling and issues to the machine based on the machine loading. 
Although the numbers of workpieces processed on each machine vary slightly, the 
overall balancing only varies by two hours. Set-up and cutting on the machines offered 
high and equal utilisations, 88% and 86% respectively. The manual labour requirement 
is high with only 13% of the time not requiring any manual activity. This is due to the 
tooling demands. The traffic density is 1830 which is extremely high, with 959 tools 
being issued and 871 being returned. Much of this activity would be due to capacity 
problems where complete kits of tools may need exchanging due to the workpiece 
variety. The tool loading, unloading and the assembly of kits requires manual labour. 
Overall workpiece-oriented management enables quick throughput of the workpieces at 
the expense of a large tooling requirement and a high level of manual activity. 
11.6.4 Strategy 3: Competitive 
The competitive strategy offers the best tooling outputs with minimised tooling and the 
least traffic density at the expense of throughput time. The variation in last time used is a 
consequence of the workpieces used and the control rules applied for this particular 
study. The entry of workpieces to the cell based on the work-oriented scheduling 
approach of FIFO, and the loading to the machines based on minimal tool exchange 
results in machine two being idle for 92 hours. The scheduling rule of minimal tool 
exchange in this particular case has led to the workpieces with long processing times 
being scheduled to the same machine. This is due to these workpieces having similar 
tooling requirements. These rules could be enhanced to overcome this particular problem 
and will be discussed in chapter 14. 
11.6.S Comparison of Strategies 
The work-oriented and competitive management approaches offer the most suitable 
results, with a time difference on completion of approximately 37 hours and a tooling 
requirements difference of 213 tools. The designer would need to examine the tool 
costing and the difference in workpiece throughput to ascertain which solution to adopt 
for their particular cell. These would vary with company objectives and operating costs. 
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12.1 Introduction 
This chapter discusses the definition of a dual flow framework and how this, together 
with the case study results and dual flow requirement specifications can be combined to 
formulate the concluding parts of the research. 
The framework defmed for dual flow is described and the detailed requirement of work 
flow, tool flow, dual flow cell classifications and the loading and control rules which are 
incorporated within the framework are then discussed. This detailed requirement was 
used in specifying the definition and inputs required to model dual flow cells providing 
the base for the proposed dual flow framework. 
12.2 Dual Flow Framework 
The literature and industrial applications surveyed in chapters two and three indicate the 
need for a structured and powerful modelling facility to investigate the control and 
performance of dual flow cells. The dual flow framework, outlined in chapter five offers 
a structured approach for the investigation of dual flow cells. It provides a data driven 
facility, the dual flow emulator, which models the work and tool interactions within an 
FMC in detail, mimicking the complex decision making processes that arise. This 
framework and the high level of detail involved offer a novel insight into the operation 
and modelling requirements of dual flow cells, providing invaluable industrially related 
operational performance measures. 
12.3 Work Flow Emulation 
The literature survey (Chapter 3) illustrated that much work flow modelling is undertaken 
in deciding the total number of transporters required or what actual make and model of 
transporter to be used within a facility. To examine work flow in combination with 
fIXturing, scheduling and the variability on transporter selections, a need for a modelling 
tool capable of defining and modelling multi-network facilities was identified. This was 
especially evident in light of the multi-cellular facilities being implemented in industry. 
The research described in Chapter 6 offers a solution for multi-network facilities to be 
modelled using a structural approach for transporter network definitions. This approach 
offers a user-friendly definition that can enable the designers to examine with ease 
cellular and multi-cellular facilities. One of the main advantages of this approach is that 
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this network can be expanded as cells are linked together with the natural growth of a 
company, or they can be completely independent. All of this is transparent to the user 
when they are emulating the cell. 
12.4 Tool Flow Emulation 
Tool flow modelling requirements proposed in Chapter 7 offer a set of strategies that can 
be examined by the cell designer in the operation of their cells. At present the current 
trend within industry is focussing on the economic provision of tools and the most cost 
effective running of manufacturing cells. The modelling requirements proposed enable 
the designer to examine alternative tool issue strategies in combination with the transfer 
mechanism varying from a rapid single tool transfer to portable PTS transfer. 
The definition and specification of those facilities utilises the generic database which can 
be used for various levels of modelling, and enables the user to define their tool 
issue/transfer alternatives. This is unique in that the user is provided with a data driven 
input for tooling information and modelling. It offers the facility for examining 
alternative strategies which is an enhancement on tool tracking or tool windows (all 
changes taking place at a predetermined time). The effect of alternative tool issue 
strategies are emphasised in the outputs within Appendix D. 
The emulation of these involves the decision making on tool selection, which tool to 
load/unload, tool status, updates at each time cycle and the transfer and allocation of 
these tools. The two key modules built into the emulator, viz; PTS and STS module ( see 
figures 5.6 to 5.8), mimic the decision making process for the tool issue strategies given. 
12.5 Classification of Dual Flow Cells 
Industrial advances in transfer mechanisms have led to transporters that enable the rapid 
transfer of a single tool, the transportation of the workpiece and its corresponding tool 
kit, the transportation of the workpiece and a number of the tools required and the 
transportation of the workpiece only. The definition of the cell classifications that can 
occur under dual flow are defined in Chapter 8. This definition enables the designer to 
identify the cell under consideration or examine alternative strategies under operation. 
The cell management strategies are combined with the network interactions. 
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This provides the user with a novel capability for defining and analysing dual flow cells, 
providing a structured definition to be followed. The advantages are gained from the 
ability to examine the network control in conjunction with tool issue and work 
scheduling. If this structured input software facility is used, there is no need to use 
simulation languages to achieve this flexibility, hence reducing the long learning curves 
that can arise. 
For the research within this thesis the Mutually Exclusive Network is examined, 
implemented within the framework described above, the dual flow emulator and 
validated using the case study. The Single Function and Shared Flow networks are 
analysed and their basic operational criteria incorporated within the software in a general 
form which is data driven. However, the control rules for these networks require further 
investigation and implementation within the software. 
12.6 Loading and Control Rules 
At present the majority of dual flow studies for FMC's focus on workpiece-oriented 
simulators, or restrictive mathematical models where the tooling is examined as a 
constraint. These approaches enable specific cell management strategies to be examined. 
A need to examine the alternative control strategies for dual flow cells has been 
identified. These alternatives are described in Chapter 8. The implications from this 
work is that alternative cell management strategies can be examined in parallel with tool 
issue strategies. The case study work in Chapter 11 and the study in Appendix E 
illustrate that alternative control strategies can show a major difference in tooling 
requirements, overall cell performance and the economic operation of a cell. 
The. thinking behind the dual flow is described in detail in chapter 8 outlining the 
alternative strategies and how they could perform and what they offer. It is felt that each 
strategy offers more production related outputs in comparison to examining the flows in 
isolation. The variations between the strategies is a trade-off and is dependent on the 
users decision making criteria to identify the one which is the 'best' performer. The 
competitive cell management strategy was seen to be an approach which could provide 
all-round 'best' performance measures, in terms of the economic provision of tools and 
quick throughput rates. 
170 
12.7 Dual Flow Emulation 
The design of a dual flow emulator has shown the necessity for detailed modelling of 
certain dual flow cells. The dual flow has illustrated that alternative transportation 
mechanisms, transporter networks, cell management strategies, tool issue strategies and 
the use of manual operators influence cell performance. The Dual Flow Emulator models 
the decision structure involved integrating each of the five mentioned elements, 
providing a unique tool for the detailed investigation of the effective operation of cells in 
terms of cost and performance measures. It offers the mutually exclusive network for 
transporter representation and the three cell management strategies identified; work-
oriented, tool-oriented and competitive. 
The workpiece-oriented management approach can be used in conjunction with the 
kitting and differential kitting tool issue strategies. Tool-oriented facilities can be 
examined utilising the use of clusters and minimum tool exchanges for tool issue. The 
fmal cell management approach, competitive, is operational using a combined 
workpiece-oriented scheduling of work to the cell and the use of minimum tool exchange 
within the cell. Alternative competitive strategies will be discussed in future work, 
chapter 14. 
12.8 Case Studies - Dual Flow Emulation 
The effective operation of dual flow cells is investigated via an industrially based case 
study. This is undertaken by examining the cell management strategies identified and the 
tool issue strategies under a mutually exclusive network. These studies combine the dual 
flow networks, control rules, material handling, scheduling and tool issue strategies 
modelling their interaction as described in the first six sections. 
Two categories of outputs are used in this evaluation, overall performance measures and 
primary tool flow outputs. The secondary tool flow outputs can be used for an in-depth 
analysis of critical tools. These outputs are available for the designer to identify critical 
tools, bottle-necks and so on. 
From the overall results the competitive cell management strategy offered better tooling 
outputs, requiring the minimum number of tools to complete the given list of jobs. This 
was achieved at the expense of throughput time and a large variation in the machine 
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utilisations. This variation, where machine two was idle for 92 hours, is a result of the 
control rules when applied to this particular study and the workpieces used. 
The workpiece-oriented management approach achieved the shortest throughput time for 
all of the strategies. 
The case study identifies that alternative strategies can offer wide ranging results, with 
the perceived tooling requirements illustrating a maximum difference of 273 tools. The 
throughput time variation was as long as 37 hours between strategies. For the full 
analysis of these results decisions would be made based on company priorities. The 
difference obtained in throughput time could be overcome by a more competitive 
scheduling of the work and tools within the competitive strategy. This will be discussed 
in chapter 14, further work. 
Hence the view that the competltlVe strategy could provide the best all-round 
performance is only partially proved for this particular study, with the workpiece-
oriented providing the quickest throughput and the competitive using the least number of 
tools. 
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13.1 Introduction 
The concluding points drawn from the research aim of defining a generic framework for 
dual flow modelling; investigating the idea that the competitive cell management strategy 
could be the all-round best performer; defining the software to implement this framework 
and to examine the hypothesis of competitive cell management and finally, the 
conclusions gained from the case study investigation are presented in this chapter. 
13.2 Conclusions 
(I) A framework for the design, specification and modelling of dual flow cells has 
been proposed, and has been shown to offer a structured and effective approach to 
the modelling of such cells. 
(2) The concurrent modelling of workpieces and tools, dual flow, is seen to play an 
important role in the design of future FMCs requiring a large work variety. The 
approach taken in this research enables the user to examine a dual flow 
environment with the addition of minimal data in comparison with work flow 
modelling. 
(3) The use of a data-driven integrated design tool has shown to be effective in the 
definition and design of dual flow FMCs. 
(4) The use of a computational tool termed the emulator, has proven to be a powerful 
design platform for dual flow modelling. This is emphasised by the addition of 
the following modules: PTS module 
STS module 
Gantry module 
Robot module 
(5) The user driven emphasis of the emulator and the structural approach emphasise 
the advantages gained from the use of data-driven non-programming design tools. 
(6) A structured approach for defining material handling needs in an FMF has been 
described, and has shown to be generic in terms of single cell to multi-cell 
facilities. This is advantageous in terms of the modular expansion of a 
manufacturing facility. 
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(7) The introduction of tool store modules and additional material handling modules 
provide cell entity representations that are important features of this research. 
The thinking behind the module requirements is based on the generic 
representation of these entities providing appropriate and flexible modes of use. 
(8) Modelling tool flow is now becoming essential if the designer wants to examine 
more industrial based results for FMC design. 
(a) The implementation of alternative tool issue strategies has shown the 
effect on cell performance can be significant as illustrated by the outputs 
summarised in chapter 11.5 and Appendix D. 
(b) Alternative cell management strategies operating in conjunction with 
suitable tool issue strategies, have illustrated that economic running costs 
can vary immensely under the control method adopted. This has been . 
validated by the case study described in Chapter 11, where the tooling 
requirements are almost 50% greater under the tool-oriented approach, 
with the comparative throughput time only being achieved two hours 
quicker. 
(9) An industrial based case study reported in Chapter 11 has validated the research 
ideas that dual flow modelling offers more industrial based performance 
measures. 
(10) The hypothesis that the competitive flow could offer the most economical 
performance of a manufacturing cell is only partially proved. 
If the tooling was extremely expensive then the designers would find the 
perceived tooling requirement a key measure. In this particular study the 
competitive cell management approach would be favoured. 
If achieving throughput requirement in the minimum possible time was essential 
then, the competitive cell management approach is seen to be weak for the 
particular priority rules used in this case. The competitive would be more 
effective if the study was continuous. 
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Further Work 
Overall the outcome of the research has provided a modelling framework for dual flow, 
where the hypothesis indicating that the competitive cell management strategy could be 
the all-round best performer in comparison to the other strategies identified has been 
partially proved. The use of a software tool, the emulator, to enable cell management 
strategies to be examined in parallel with alternate tool issue strategies has enabled this 
comparison to take place. This facility allows the effects of the co-incident flow of 
workpieces and tools to be examined, providing a valuable design facility. From the 
research undertaken and the case study used for validation of the ideas, various areas of 
further work have been identified. Further work is necessary in the following key areas 
for dual flow modelling. 
14.1 Transporter Networks 
The cases considered within this thesis have focus sed on mutually exclusive 
transportation networks. There are a number of manufacturing installations which utilise 
shared flow and single function networks. Although the basic structure of the latter 
strategies have been analysed and incorporated within the emulator, there is a need to 
incorporate a detailed specification of the control rules and further refinements within the 
model. 
14.2 Competitive Cell Management 
From the case study undertaken it was evident that for this particular study the control 
rules needed further investigation. The use of minimal tool exchange identified draw 
backs in terms of the machine balancing and the utilisations, see chapter 11.6. These 
rules require further investigation into the use of secondary priorities, where the minimal 
tool exchange could be overruled if a machine had been idle for a certain time period. 
Alternative control rules for the use of clusters also require further investigation. 
14.3 Multi-Cell Dual Flow 
Within the cell the decisions are which tool for which machine. For a truly multi-cellular 
facility it would be necessary to examine this decision making at a higher level to decide 
which tool to which cell. This could arise when expensive tools are shared between cells. 
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Appendix A: Rockwell Frame Cell 
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A.1 Introduction 
This appendix reports on the case study work undertaken for Rockwell PMC. The study 
focuses on the Frame Cell which is used for the production of printing presses within the 
company. The Dual Flow Emulation was used to examine various operating strategies 
for the cell focussing attention on the sequencing of parts including manual activities and 
the perceived tooling requirements for the cell. 
The cell consists of a single Waldrich Seigen vertical machining centre which uses a 
partial robotic overhead tool exchanger and a rail guided vehicle for part transfer. The 
actual cell is shown in Figure A.l and the tool changer mechanism shown in Figure A.2. 
A.2 Objectives of the Case Study 
1. To keep the machine cutting 
2. To study the manual activities within the cell and highlight the conflicting 
operations. 
3. To emulate the cell with the following scenarios: 
To emulate the production of parts in a standard batch of five 
To emulate the production of parts in sets with a batch of five 
To emulate one-off production 
4. To examine the tooling requirements of the cell. 
The emulator representation of the cell is depicted in Figure A.3 with the manual 
operations being indicated in Figure A.4. 
A.3 Part Details 
There are six parts which have to be machined within the cell, namely: 
1. G 16 side frames - Roughing operation is part one 
2. G 16 side frames - Finishing operation in part two 
3. G 16 base plates and stretchers are part three 
4. G 14 side frames - Roughing operation is part four 
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5. G 14 side frames - Finishing operation in part five 
6. G14 base plates and stretchers are part six 
Each of the roughing parts and base plate/stretcher parts consist of two visits to the 
machine and re-fixturing between each of the operations. The finishing parts require four 
visits to the machine and again require re-fixturing between each operation. 
A.4 General Modelling Assumptions 
These assumptions are consistent throughout each of the scenarios used for the part 
sequencing. 
The cell is operating 24 hours a day. 
The scheduling rule adopted throughout is that of SLACK per OPERATION 
SLACK = (Due Time - Current Time - Remaining Processing Time) 
SLACK / No. of OPERATIONS = SLACK / Number of remaining 
operations 
An ageing period of 48 hours must be adhered to therefore a finishing part cannot enter 
the system unless the roughing operation of the part was completed at least 48 hours 
previously. It was felt that this restriction had to be modelled as it is one of the main 
elements causing the sequencing problem. 
The set-up operation and swarf removal are considered as two separate manual activities. 
Tool Issue within the cell 
The start point for the modelling of the tools assumes that the Primary Tool Store (PTS) 
is loaded with one of each tool number resident. Tools are then issued when a part is 
scheduled to the machine when the tools in the PTS do not have adequate life to machine 
that part. The tools required for every operation on that part are scheduled at the same 
time. 
The minimum tooling requirement in this case is 139 tools, this does not include the tools 
required for the base plates and stretchers as dummy tools (2 off) are being used in this 
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case. The tooling information for the Base Plates and Stretchers was unavailable at the 
time of the study. 
Tools are not taken back and refurbished at the STS in this study, but are duplicated for 
the purpose of the model to indicate how many times the tool would require 
refurbishment. 
A.S Sequencing Scenarios 
Three scenarios are used in this study, namely: 
Scenario 1: In this case eachpart is produced in a batch of five. 
Scenario 2: Parts are produced in sets with a batch size of five. 
Scenario 3: Parts are produced in sets working on a batch of one. 
A.6 SCENARIO 1 - Batch of Five Production 
A6.1 Operating Sequence 
Using a standard batch of five as specified by Rockwel1: 
five pairs of G 16 frames undergo their roughing operations. 
five G 16 Base Plates and Stretchers complete all their operations. 
five pairs of G 16 frames undertake their finishing operations. 
five pairs of G 14 frames undergo their roughing operations. 
five G 14 Base Plates and Stretchers complete all their operations. and 
five pairs of G 14 frames undertake their fmishing operations. 
A6.2 Assumptions 
In the above scenario, it is assumed that all the G 16 batches must be entered into the cell 
before the start of the G14 batches. Finishing operations will not be started until aforty-
eight hour ageing period has been completed by the respective roughing operations for 
the frames. 
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A6.3 Summarised Outputs 
Emulation run time = 13870.60 mins 
Table I: A geing Period for Frames Produced 
Frame Roughing Completed Finishing Started 
016 1 474.53 3354.53 
2 670.37 3550.37 
3 1098.51 4537.69 
4 1294.35 5159.49 
5 1766.18 6043.81 
G14 1 7481.94 10361.94 
2 7992.40 10872.40 
3 8185.66 11227.72 
4 8566.76 12.004.72 
5 8759.63 12536.30 
Note: 2880 mins 48 Hours 
Table 2: Man Performance Figures 
Number in Use Time (mins) 
o 
1 
2 
8168.70 
4883.35 
755.55 
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Ageing Period 
2880.00 
2880.00 
3439.18 
3865.14 
4277.63 
2880.00 
2880.00 
3042.06 
3437.96 
3776.67 
Percentage (%) 
59.16 
35.37 
5.47 
Table 3: Machine Utilisation 
Machine 1 
Set-up & cutting 
idle 
Time (mins) 
11421.60 
2383.84 
Table 4: Machine Down Times 
Base Plates & Stretchers 
End Time 
GI6 3062.92 
G14 10056.37 
Finishing Operations 
Start Time 
3354.53 
10361.94 
Percentage (%) 
82.7 
17.3 
DownTime 
(mins) 
291.61 
305.57 
The perceived tooling requirement for the emulation runs is 249 tools - this is assuming 
no refurbishment of tools within the emulation run. 
A6.4 Conclusions 
In this scenario the manual activities ate very high at the beginning of each batch of 
frames due to manual requirements for both setting up and swarf removal during the 
roughing operations. After this set of operations the man is less in demand and is only 
used in refixturing and setting-up. In the initial stages of this scenatio it would be 
necessary to have assistance with set-up, swarf removal and tool refurbishment. While 
the base plates and stretchers and the finishing operations on the frames are being 
undertaken one man is more than adequate. 
The disadvantage of this sequence is the long lead times that accumulate on the finished 
product due to the initial wait of 48 hours. By the end of the batch a further 1500 
minutes ate accumulated on top of the 2880 minutes desired (see Table 1: Ageing 
Period). 
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The assumptions that the G14's cannot stan until the completion of the G16's adds to the 
machine down time as well a one pallet being available for base plates and stretchers. It 
would be recommended to stan a roughing batch at the same time as the Base plates and 
stretchers hence mixing the batches but ensuring that the machine is not standing idle. 
A.7 SCENARIO 2 - Production in Sets 
A7.1 Operating Sequence 
Using a standard batch of five as specified by Rockwell but producing the pans in sets. 
a pair of G 16 frames undergo their roughing operations, 
a pallet of G 16 Base Plates and Stretchers complete all their operations, 
and 
a pair of G 16 frames undertake their fmishing operations. 
This is repeated for a batch of five sets 
a pair of G 14 frames undergo their roughing operations, 
a pallet of G14 Base Plates and Stretchers complete all their operations, 
and 
a pair of G 14 frames undertake their fmishing operations. 
A7.2 Assumptions 
It is assumed that two sets of G 16 and G 14 frames are roughed and have completed their 
ageing period by the start of the first finishing operations. 
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A7.3 Summarised Outputs 
Emulation run-time = 12756.09 mins 
Table 5: Agein~ Period for Frames Prodllced 
Frame Roughing Completed Finishing Started Ageing Period 
016 1 474.53 3 3333.17 2880.00 
2 1738.20 4 4618.20 2880.00 
3 2928.37 5 5805.37 2880.00 
014 1 6478.15 3 9358.15 2880.00 
2 7885.90 4 10792.58 2906.68 
3 9047.59 5 11927.59 2880.00 
Note: 2880mins 48 hours 
The first two finishing operations lIse the frames that have completed 48 hours of ageing. 
Table 6: Man Performance Fi~ures 
Number in Use 
o 
1 
2 
Table 7: 
Machine 1 
Machine Utilisation 
Set-up & cutting 
Idle 
Time (mins) 
7122.85 
4872.11 
761.13 
Time (mins) 
11421.60 
1332.27 
Percentage (%) 
55.84 
38.19 
5.97 
Percentage (%) 
89.5 
10.4 
The perceived tooling requirement for the emulation run is 249 tools - this is assuming no 
refurbishment of tools within the emulation run. 
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A.S SCENARIO 3 - Batch of Five Sets 
AS.1 Operating Sequence 
Using a standard batch of five as specified by Rockwell but producing the parts in sets. 
a pair of 0 16 frames undergo their roughing operations, 
a pallet of 016 Base Plates and Stretchers complete all their operations, 
a pair of 016 frames undertake their finishing operations, 
a pair of 014 frames undergo their roughing operations, 
a pallet of 014 Base Plates and Stretchers complete all their operations, 
and 
a pair of 014 frames undertake their fmishing operations. 
This is repeated five times giving one-off production of parts with the part types 
alternating. 
AS.2 Assumptions 
It is assumed that two sets of 016 and 014 frames are roughed and have completed their 
ageing period by the time the first finishing operation is undertaken. 
AS.3 Summarised Outputs 
Table 8· 
Frame 
016 
1 
2 
3 
Ageing Period for Frames Produced 
Roughing Completed Finishing Started 
453.17 
2805.58 
4797.86 
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3 
4 
5 
4897.86 
7502.61 
10024.66 
. Ageing Period 
4344.69 
4697.03 
5226.80 
014 
1 1696.43 3 6224.65 4528.22 
2 4225.31 4 8829.31 4604.00 
3 6812.36 5 11216.28 4403.92 
Note: 2880 mins 48 hours 
The first two finishing operations use the frames that have completed 48 hours of ageing. 
Table 9: Man Performance Figures 
Numberin Use 
o 
1 
2 
Time (mins) 
6681.81 
4793.65 
800.39 
Table 10: Machine 1 Jtilisation 
Machine 1 
Set-up & Cutting 
Idle 
Time (mins) 
11421.60 
851.87 
Percentage(% ) 
54.43 
39.05 
6.52 
Percentage (%) 
93.0 
6.9 
The perceived tooling requirements for the emulation run is 249 tools - this is assuming 
no refurbishment of tools within the emulation run. 
A8.4 Conclusions 
The advantage of this scenario is that the parts are being produced in batches of one with 
016 and 014 presses being machined alternatively. The machine utilisation in this case 
is the highest for the three scenarios examined. 
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The disadvantage for this sequencing strategy is that it is based on the assumption of 
stock being held for roughed frames. This does enable the one-off production to occur 
but also incurs long lead times for the parts with the ageing periods well above the 
required 2880 mins (see Table 8: Ageing Period). It would be recommended in this case 
to reduce the stock and see the effects on the lead times and machine performance. 
As with Scenario Two, the demands on the manual activities are spread over the whole 
of the running period with the peaks and troughs for manual activity matching the 
alternate roughing and finishing operations. 
A.9 Tooling Outputs 
A9.1 Perceived Tooling Requirement 
minimum tooling requirement 
tools introduced during emulation run 
perceived tooling requirement 
A9.2 Refurbishment Calculations 
139 
110 
249 
If one looks at the sister tooling within the PTS and consider the maximum number of 
that tool available to the cell, it can be calculated how many times a 
refurbishment/replacement would need to be undertaken. 
These calculations are assuming that tools with the same number have the same set-ups 
on the machine. 
minimum tooling requirement 
tools that have a sister tool specified 
no. of refurbishments/replacements 
139 off 
4 off 
106 off 
The average time to REMOVE - REFURBISH - REPLACE a tool = 18 minutes 
Refurbishment time 106 x 18 = 1908 minutes (31 hours) 
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A9.3 Conclusions 
If the tools for the Side frames for the Gl6 and Gl4 frames are the only tools captive on 
the machine, the actual capacity of the PTS in this case is seen to be adequate. it would 
be necessary to have all the tools required for the cell to be emulate to enable an accurate 
account of the tooling within the cell. 
Rockwel/ Frame Cell FigureA.1 
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Automatic Tool Changer FigureA.2 
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I 
Secondary Tool I Store Primary Tool Store 
Pallet Buffers Machine 
ODD Work Area 
I I I Pallet Carrier I 
Emulator Representation of Rockwell Frame Cell I FigureA.3 
Secondary Tool I Store Primary Tool Store 
D I?W/JJ c 
Pallet Buffers B Machine 
ODD []lE I 
I I I Pallet Carrier I 
A • Fixturing C • Load/Unload of PTS 
B • Swarf Removal D . Load/Unload STS 
Manual Activities Within the Cell FigureA.4 
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Appendix B: Work piece Details 
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B.1 Introduction 
The following infonnation gives details in tenns of number of operations, sub-operations, 
tools, cutting times and set-up times for the workpiece used in the case study. 
B.2 Detailed Description 
For each of the workpieces the following infonnation can be found: 
Part Number 
1 
the actual part number 
Route No. 
1 
route number details are 
concerned with 
Op. no. Set 
1 0 
operation number set-up at the 
machine 
Number of Routes 
2 
choices of alternative routes 
Number of operations 
4 
number of operations to process 
the part. 
Tool 
o 
tool 
number 
Time 
2250 
cutting 
time 
Note:- If a tool no = 0, this is set-up at a load/unload station. 
If tool number has an 'M' next to it a manual operator is required. 
The following pages contain copies of the workpiece details for the case study 
described in chapter 11. 
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rart Number: 
Number of Routes: 
Sub Op 
OpNo Set 
I 0 
2 0 
3 IM 
4 0 
0 0 
Part Number: 
Number of Routes: 
Sub Op 
OpNo Set 
I 0 
2 0 
3 0 
3 
4 0 
0 0 
0 
0 
0 
0 
1 
1 
Tool 
8094 
0 
2 
1 
Tool 
IM 
216M 
0 
Route Number: 
Number of Ops: 
I 2 
Time Tool Time Tool 
2250 
0 
60M 2196 322M 176 
0 
Route Number: 
Number of Ops: 
I 2 
Time Tool Time Tool 
2250 
0 
8094 60M 2193 lOOM 
223 214M 304 210M 
0 
3 
3 
1 
4 
Time 
997M 
1 
4 
Time 
1198 
279 
Tool 
150 
4 
Tool 
l02m 
256M 
G16 Frames· Roughing Op 1 
M: man reqr ired for swarf removal 
4 5 
Time Tool Time Tool 
G16 Frames· Roughing Op 2 
M: man required for swarf removal 
5 
Time Tool Time Tool 
139 112M 169 128M 
195 202M 219 40M 
6 7 
Time Tool Time 
6 7 
Time Tool Time 
218 198M 1942 
3262 997M 150 
I 
I 
I 
I 
I 
I 
I 
I 
IV 
o 
00 
Part Number: 
Number of Routes: 
Sub Op 
OpNo Set 
I 0 
2 0 
3 0 
4 0 
0 0 
Part Number: 
Number of Routes: 
SubOp 
OpNo Set 
I 0 
2 0 
3 0 
3 
3-
4 0 
0 0 
0 
0 
3 
1 
Tool 
214 
0 
0 
0 
I 
4 
1 
Tool 
233 
437 
0 
Route Number: 
Num ber of Ops: 
I 2 
Time Tool Time Tool 
2250 
0 
70 257 166 40 
0 
Route Number: 
Number of Ops: 
I 2 
Time Tool Time Tool 
2250 
0 
4120 10 3358 997 
123 237 72 256 
70 456 490 997 
0 
3 
3 
1 
4 
Time 
643 
1 
4 
Time 
150 
350 
SO 
GI6 Frames - Finishing Op 1 
4 5 
Tool Time Tool Time 
I 4059 10 3344 
GI6 Frames - Finishing Op 2 
4 5 
Tool Time Tool Time 
5 1000 6 1196 
901 117 444 200 
6 7 
Tool Time Tool Time 
997 ISO 
6 7 
Tool Time Tool Time 
244 215 240 237 
440 243 433 112 
N 
o 
'" 
Par! Number: 
Number of Routes: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 0 
0 0 
0 
0 
5 
1 
Tool 
25 
726 
362 
806 
838 
363 
243 
256 
437 
455 
230 
430 
0 
1 
Time 
2250 
0 
353 
1212 
472 
354 
236 
82 
70 
207 
424 
237 
114 
74 
0 
Rou!e Noumber: 
Number of Ops: 
2 3 
Tool Time Tool Time 
702 210 706 222 
728 142 738 144 
316 . 897 251 57 
807 202 810 587 
852 313 859 67 
233 2568 234 477 
245 160 246 60 
901 205 430 57 
467 86 440 475 
459 184 50 2509 
233 186 237 98 
433 169 437 96 
1 
4 
Tool 
707 
752 
650 
815 
882 
237 
254 
431 
436 
997 
244 
444 
4 
G16 Frames - Finishing Op 3 
5 
Time Tool Time 
150 710 330 
193 759 51 
98 640 3545 
329 818 74 
4632 23~ 57 
499 367 209 
160 259 129 
. 
168 432 190 
139 443 71 
150 5 990 
185 200 189 
997 50 
6 7 
Tool Time Tool Time 
715 193 718 70 
782 1245 902 155 
620 676 802 333 
826 2386 828 249 
231 300 232 288 
240 456 236 197 
364 76 380 678 
433 1764 434 406 
445 169 446 55 
6 \318 252 382 
901 157 452 439 
Part Number: 
Route Num ber: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
3 
3 
3 
3 
3 
3 
4 0 
0 0 
0 
0 
6 
1 
Tool 
717 
241 
232 
236 
901 
444 
997 
0 
1 
Time 
2250 
0 
75 
138 
606 
189 
198 
424 
150 
0 
Number of Routes: 
Number of Ops: 
2 
Tool Time 
817 92 
251 65 
363 71 
243 131 
430 84 
436 133 
1 
4 
Tool 
352 
650 
233 
245 
432 
443 
3 
G16 Frames- Finishing Op 4 
4 5 6 7 
Time Tool Time Tuol Time Tool Time Tool Time 
174 374 69 902 95 307 123 362 149 
139 625 225 620 202 615 151 230 133 
1483 234 1253 237 539 240 74 244 478 
172 246 51 254 154 259 134 903 207 
360 433 1033 434 1012 437 456 440 75 
58 445 155 446 47 455 147 459 209 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
I 0 
2 0 
3 0 
4 0 
0 0 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
I 0 
2 0 
3 0 
3 
~ 
4 
0 
0 
0 
7 
1 
Tool 
60M 
0 
0 
0 
8 
1 
Tool 
60M 
175M 
200M 
0 
0 
I 
I 
Time 
2250 
0 
1871 
0 
Time 
2250 
0 
1743 
381 
63 
0 
Number of Routes: 
Number of Ops: 
2 
Tool Time 
IM 6159 
Number of Routes: 
Number of Ops: 
2 
Tool Time 
IM 6159 
I84M 419 
65M 598 
0 
1 
4 
Tool 
322M 
1 
4 
Tool 
lOOM 
220M 
40M 
G14 Frames - Roughing Op 1 
M: man required for swarhemoval 
3 4 5 6 7 
Time Tool Time Tool Time Tool Time Tool Time 
189 997 150 
G14 Frames - Roughing Op 2 
M: man required for swarf removal 
3 4 5 6 7 
Time Tool Time Tool Time Tool Time Tool Time 
435 102M 140 I06M 151 llOM 1162 165M 688 
109 214M 376 2lOM 301 256M 163 202M 226 
5039 997M 150 
N 
..... 
N 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
4 0 
0 0 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
3 
3 ' 
4 
0 
9 
1 
Tool 
0 
0 
220 
0 
0 
0 
1 
10 
1 
Tool 
244 
452 
0 
0 
1 
1 
Time 
2250 
0 
81 
0 
Time 
2250 
0 
3514 
124 
186 
0 
Number of Routes: 
Number of Ops: 
2 
Tool Time 
257 105 
Number of Routes: 
Number of Ops: 
2 
Tool Time 
10 2960 
240 117 
444 118 
0 
1 
4 
Tool 
256 
1 
4 
Tool 
997 
233 
440 
Gl4 Frames· Finishing Op 1 
3 4 5 6 7 
Time Tool Time Tool Time Tool Time Tool Time 
48 1 3457 10 2943 997 150 
G14 Frames· Finishing Op 2 
3 4 5 6 7 
Time Tool Time Tool Time Tool Time Tool Time 
150 5 853 6 1020 231 84 252 166 
124 237 268 256 340 901 183 431 74 
119 433 105 437 239 456 478 997 50 
N 
>-' 
W 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 0 
o ' 0 
0 
0 
11 
1 
Tool 
702 
722 
774 
316 
802 
822 
874 
237 
430 
436 
6 
244 
433 
0 
1 
Time 
2250 
0 
203 
62 
252 
693 
811 
112 
875 
461 
80 
57 
1141 
96 
97 
0 
- - - - -- -- --- ---- - -------------------------------.~-------------
Number of Routes: 
Num ber of Ops: 
2 
Tool Time 
704 52 
724 48 
778 273 
251 51 
804 66 
824 57 
878 979 
240 172 
431 53 
441 84 
252 360 
200 234 
437 113 
1 
4 
Tool 
706 
726 
902 
650 
806 
826 
230 
244 
433 
445 
292 
901 
444 
3 
Time 
196 
453 
204 
98 
328 
844 
\01 
71 
2092 
451 
140 
124 
90 
GI4 Frames - Finishing Op 3 
4 5 6 7 
Tool Time Tool Time Tool Time Tool Time 
707 107 7f1) 73 710 219 715 173 
728 151 732 148 736 948 770 445 
350 98 305 95 307 240 312 45 
640 2513 630 99 615 210 610 109 
807 138 809 112 810 390 815 309 
828 258 832 209 836 1770 870 1645 
231 84 363 127 233 3069 234 600 
236 179 241 86 245 421 246 94 
434 500 437 393 440 179 444 65 
446 51 45 1728 997 20 5 836 
230 116 231 82 233 117 237 125 
452 423 432 115 430 96 431 66 
997 50 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
3 
3 
3 
3 
4 0 
0 0 
12 
1 
Tool 
0 
0 
902 
231 
237 
431 
445 
0 
1 
Time 
2250 
0 
233 
411 
1070 
218 
398 
0 
Number of Routes: 
Number of Ops: 
2 
Tool Time 
307 486 
232 302 
240 456 
432 191 
446 38 
1 
4 
Tool 
701 
363 
236 
433 
80 
3 
G14 Frames - Finishing Op 4 
4 5 6 7 
Time Tool Time Tool Time Tool Time Tool Time 
58 891 71 893 66 801 63 230 108 
58 233 1239 364 58 234 797 367 62 
140 241 115 24.i 415 246 43 430 65 
854 434 663 437 914 440 518 441 94 
565 81 117 997 150 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
I 0 
2 0 
3 0 
4 0 
0 0 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
I 0 
2 0 
3 0 
3 
, 
4 0 
0 0 
0 
0 
13 
1 
Tool 
IM 
0 
14 
1 
Tool 
0 
0 
IM 
216M 
0 
Number of Routes: 
Number of Ops: 
1 2 
Time Tool Time 
2250 
0 
8094 60M 2196 
0 
Num ber of Routes: 
Number of Ops: 
I 2 
Time Tool Time 
2250 
0 
8094 60M 2193 
223 214M 304 
0 
1 
4 
Tool 
322M 
1 
4 
Tool 
lOOM 
210M 
3 
Time 
176 
3 
Time 
1198 
279 
G161 Frames· Finishing Op 4 
M: man required for swarf removal 
4 5 
Tool Time Tool Time 
997m 150 
Gl61 Frames· Roughir,g Op 2 
M: man required for swarf removal 
4 5 
Tool Time Tool Time 
102M 139 112M 169 
256M 195 202M 219 
6 7 
Tool Time Tool Time 
6 7 
Tool Time Tool Time 
128M 218 198M 1942 
40M 3262 997M ISO 
-------------------------------------------------------------------------------
N 
..... 
'" 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
4 0 
0 0 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
3 
, 
3 
4 0 
15 
1 
Tool 
0 
0 
1214 
0 
0 
0 
16 
1 
Tool 
11 
1233 
1437 
0 
1 
Time 
2250 
0 
70 
0 
I 
Time 
2250 
0 
4120 
123 
70 
0 
Number of Routes: 
Number of Ops: 
2 
Tool Time 
1257 166 
Number of Routes: 
Number of Ops: 
2 
Tool Time 
110 3358 
1237 72 
1456 490 
1 
4 
Tool 
140 
1 
4 
Tool 
997 
1256 
997 
3 
Time 
643 
3 
Time 
150 
350 
50 
G161 Frames· Finishing Op 1 
4 5 
Tool Time Tool Time 
11 4059 .10 3344 
G161 Frames· Finishing Op 2 
4 5 
Tool Time Tool Time 
15 1000 16 1196 
1001 112 1444 200 
6 7 
Tool Time Tool Time 
997 150 
6 7 
Tool Time Tool Time 
1244 215 1240 237 
1440 243 1433 112 
--- ---------------
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 0 
0 0 
0 
0 
17 
1 
Tool 
125 
1726 
1326 
1806 
1838 
1363 
1243 
1256 
1437 
1455 
1230 
1430 
0 
1 
Time 
2250 
0 
353 
1212 
472 
354 
236 
82 
70 
207 
424 
237 
114 
74 
0 
Number of Routes: 
Number of Ops: 
2 
Tool Time 
1702 210 
1728 142 
1316 897 
1807 202 
1852 313 
1233 2568 
1245 160 
1901 206 
1467 86 
1459 184 
1233 196 
1433 169 
1 
4 
Tool 
1706 
1738 
1251 
1810 
1859 
1234 
1246 
1430 
1440 
150 
1237 
1437 
3 
Time 
222 
144 
67 
587 
67 
477 
60 
57 
475 
2509 
99 
96 
G 161 Frames· Finishing Op 3 
4 5 6 7 
Tool Time Tool Time Tool Time Tool Time 
1707 150 1710 330 1715 193 1718 70 
1752 193 1769 51 1782 1245 1902 155 
1650 98 1640 3545 1620 676 1802 333 
1815 329 1818 74 1826 2386 1828 249 
1882 4632 1230 57 1231 300 1232 288 
1237 499 1367 209 1240 456 1236 197 
1254 160 1259 129 1364 76 1380 678 
1431 168 1432 190 1433 1764 1434 406 
1436 139 1443 71 1445 169 1446 55 
997 150 15 990 16 1318 1252 382 
1244 185 1200 189 1901 157 1452 439 
1444 170 997 50 
Part Number: 
Route Number: 
SubOp 
OpNo Set 
I 0 
2 0 
3 0 
3 
3 
3 
3 
3 
3 
4 0 
0 0 
0 
0 
18 
1 
Tool 
1717 
1241 
1233 
1236 
1901 
1444 
997 
0 
1 
Number of Routes: 
Number of Ops: 
2 3 
Time Tool Time Tool 
2250 
0 
76 1817 92 1352 
138 1251 65 1650 
606 1363 71 1233 
189 1243 131 1246 
198 1430 84 1432 
424 1436 133 1443 
150 
0 
1 
4 
Time 
174 
139 
1483 
172 
360 
58 
4 
Tool 
1374 
1625 
1234 
1246 
1433 
1445 
G16I Frames· Finishing Op 4 
5 
Time Tool Time 
69 1902 95 
225 1620 202 
1253 1237 539 
51 1'254 154 
1033 1434 1012 
155 1446 47 
6 7 
Tool Time Tool Time 
1307 123 1362 149 
1615 151 1230 133 
1240 74 1244 478 
1259 134 1903 207 
1437 456 1440 75 
1455 147 1459 .209 
rart Number: 
Route Number: 
SubOp 
OpNo Set 
1 0 
2 0 
3 0 
4 0 
0 0 
rarl Number: 
Route Number: 
Sub Op 
OpNo Set 
I 0 
2 0 
3 0 
3 
3 
4 0 
0 0 
19 
1 
Tool 
0 
0 
60M 
0 
0 
0 
20 
1 
Tool 
60M 
175M 
200M 
0 
1 
1 
Number of Routes: 
Number of Ops: 
2 
Time Tool Time Tool 
2250 
0 
1871 IM 6159 322M 
0 
Nunber of Routes: 
Number of Ops: 
2 
Time Tool Time Tool 
2250 
0 
1743 IM 6159 lOOM 
381 184M 419 220M 
63 65M 598 40M 
0 
3 
3 
1 
4 
Time 
189 
1 
4 
Time 
435 
109 
5039 
4 
Tool 
997 
4 
Tool 
l02M 
214M 
997M 
G141 Frames - Rouging Op 1 
M: man required for swarf removal 
5 6 7 
Time Tool Time Tool Time Tool Time 
ISO 
G141 Frames - Roughing Op 2 
M: man required for swarf removal 
5 6 7 
Time Tool Time Tool Time Tool Time 
140 I06M 161 1I0M 1162 165M 688 
376 2 !OM 301 256M 163 202M 226 
ISO 
N 
N 
o 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
4 0 
0 0 
Part Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
3 
3 
3· 
4 0 
0 0 
0 
0 
21 
1 
Tool 
1220 
0 
22 
1 
Tool 
0 
0 
11 
110 
1240 
1444 
0 
1 
1 
Number of Routes: 
Number of Ops: 
2 
Time Tool Time Tool 
2250 
0 
81 1267 !O5 1256 
0 
Number of Routes: 
Number of Ops: 
2 
Time Tool Time Tool 
2250 
0 
3514 
2960 997 150 15 
117 1233 124 1237 
liS 1440 119 1433 
0 
3 
3 
1 
4 
Time 
48 
1 
4 
Time 
853 
268 
105 
4 
Tool 
II 
4 
Tool 
16 
1256 
1437 
Gl41 Frames· Finishing Op 1 
5 
Time Tool Time 
3457 110 2943 
G141 Frames· Finising Op 2 
5 
Time Tool Time 
1020 1231 84 
340 1901 183 
239 1456 478 
6 7 
Tool Time Tool Time 
~ 
987 150 
6 7 
Tool Time Tool Time 
1252 166 1244 124 
1431 74 1452 186 
997 50 
N 
N 
..... 
Part Number: 
Route Number: 
Sub Op 
Op No Sel 
1 0 
2 0 
3 0 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 0 
n 0 
23 
1 
Tool 
0 
0 
1702 
1722 
1774 
1316 
1802 
1822 
1874 
1237 
1430 
1436 
16 
1244 
1433 
0 
1 
Time 
2250 
0 
203 
62 
252 
693 
311 
113 
875 
461 
80 
57 
1141 
96 
97 
0 
Number of Routes: 
Number of Ops: 
2 
Tool Time Tool 
1704 52 1706 
1724 48 1726 
1778 273 1902 
1251 51 1650 
1804 66 1806 
1824 57 1826 
1878 979 1230 
1240 172 1244 
1431 53 1433 
1441 84 1445 
1252 360 1232 
1200 234 1901 
1437 113 1444 
3 
1 
4 
Time 
196 
453 
204 
98 
328 
844 
101 
71 
2092 
451 
140 
124 
90 
G14I Frames - Finishing Op 3 
4 5 6 7 
Tool Time Tool Time Tool Time Tool Time 
1707 107 1709 73 1710 219 1715 173 
1728 151 1732 148 1736 948 1770 445 
1350 98 1305 95 1307 240 1812 45 
1640 2513 1630 99 1615 210 1610 109 
1807 138 1809 112 1810 390 1815 309 
1828 258 1832 209 1836 1770 1870 1645 
231 84 1368 127 1233 3069 1234 600 
1236 179 )241 86 1245 421 1246 94 
1434 500 1437 393 1440 179 1444 65 
1446 51 145 1728 997 20 15 836 
1230 116 1231 82 1233 117 1237 125 
1452 423 1432 \15 1430 96 1431 66 
997 50 
N 
N 
N 
rart Number: 
Route Number: 
Sub Op 
OpNo Set 
1 0 
2 0 
3 0 
3 
3 
3 
3 
4 0 
0 0 
0 
0 
24 
1 
Tool 
1902 
1231 
1237 
1431 
1445 
0 
1 
Number of Routes: 
Number of Ops: 
2 3 
Time Tool Time Tool 
2250 
0 
233 1307 486 1701 
411 1232 302 1363 
1070 1240 496 1236 
218 1432 191 1433 
398 1446 38 180 
0 
1 
4 
Time 
58 
58 
140 
854 
565 
4 
Tool 
1891 
1233 
1241 
1434 
181 
G141 Frames· Finishing Op 4 
5 
Time Tool Time 
71 1893 66 
1239 1364 58 
115 1245 415 
663 . 1437 914 
117 997 150 
6 7 
Tool Time Tool Time 
1801 63 1230 108 
1234 797 1367 62 
1246 43 1430 65 
1440 518 1441 94 
Appendix C: Cluster Details 
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C.l Introduction 
This section of the thesis includes details of the clusters used for the tool-oriented case 
study material. Overall eight clusters were identified using clustering software developed 
by Dr John Doyle, University of Bath [DOYL,1992]. This package was used at the time 
due to the number of tools being used within the study. The numbers involved were 
outside the capabilities of the clustering package at Loughborough. This has been 
rectified. The disadvantage of the Bath package is that it is a general clustering package. 
This means that the tool requirements calculations have to be calculated by hand, unlike 
the Loughborough approach which is specifically for manufacturing. 
As mentioned in Chapter 11, the number of clusters identified was eight. As the clusters 
had some overlap, the author opted to duplicate tooling and have smaller sets. 
C.2 Emulator Files 
Within the emulator modelling, three key data files are used for the cluster tool issue 
strategy, namely: 
cluster_info 
clustecentry 
cluster 
These are used as follows: 
C.2.! Cluster-InCo data file 
This data file summarises the overall cluster details in terms of the total number of tool 
types required, the cluster type and the parts it can be used to process. The details of this 
fIle are shown below: 
- - - - - - - - - - - - - - - - CLUSTER INFO FILE - - - - - - - - - - - - - - - - - - - -
Number Type Tool type Part numbers 
1 2 3 4 5 6 
1 1 22 2 8 20 14 0 0 
2 2 24 13 9 4 10 0 0 
3 3 4 7 3 19 1 0 0 
4 4 85 11 12 0 0 0 0 
224 
5 5 84 6 5 0 0 0 0 
6 6 57 15 21 22 16 18 0 
7 7 74 17 0 0 0 0 0 
8 8 86 23 24 0 0 0 0 
C.2.2 Cluster-Entry data file 
The data file name explains its purpose. The order of entry is dependant upon the user 
requirements. whether the least number of tools gains priority. 
The details of the file are: 
Order of cluster entry 
3 
2 
1 
7 
6 
5 
4 
8 
In this case the total number of tools required is used as the criteria for ranking the 
clusters. 
C.2.3 Cluster data file 
The cluster data file includes the following information; Toolno, which gives the tool 
number used to identify the tool type; number, which is the actual number required of 
that tool and fmally maxcut, which is the total cutting time for all the workpieces that can 
be machined using the cluster set. Maxcut is used during the emulation to take account 
of tooling that may not have their full tool life left. 
The following pages illustrate the cluster sets used in the case study and the details 
involved. 
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Tool Oata for Cluster number 1 
Pocket 1 2 2 4 5 6 7 8 9 10 11 12 13 14 
Tool no. 102 100 214 40 256 110 220 65 106 200 1 60 112 128 
Number 1 5 3 21 2 4 1 1 1 1 20 2 1 1 
maxcut 2790 16330 6800 83010 3580 11620 1090 5980 1510 630 142503 39360 1690 2180 
Pocket 15 16 17 18 19 20 21 22 
Tool no. 198 216 210 202 165 175 184 997 
Number 11 1 3 2 2 1 1 1 
maxcut 19420 2230 5800 4450 6680 3810 4190 99999 
Tool Data from Cluster number 2 
Pocket 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Tool no. 214 40 257 444 240 433 437 233 237 901 10 256 5 6 
Number I I 1 1 1 1 1 1 I 1 3 2 2 1 
maxcut 350 3215 1355 1590 1770 1085 1545 1235 1700 1500 63025 3690 9265 11080 
Pocket 15 16 17 18 19 20 21 22 23 24 
Tool no. 244 456 220 252 452 231 431 440 1 997 
Number 1 2 I 1 I ) 1 1 10 1 
maxcut 1695 4840 405 830 930 420 370 1810 75750 99999 
Tool Data for Cluster number 3 
Pocket 1 2 3 4 
Tool no. 322 1 60 997 
Number 1 20 2 1 
maxcut 3650 142530 40670 99999 
Tool Data for Cluster number 4 
Pocket 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Tool no. 444 240 433 437 233 237 901 5 6 244 702 706 707 710 
Number 1 1 4 3 3 2 1 I 1 1 1 1 1 1 
maxcut 775 3340 15215 7100 22125 8280 620 4180 5705 835 1015 980 535 1095 
Pocket 15 16 17 18 19 20 21 22 23 24 25 26 27 28 
Tool no. 715 726 728 316 251 650 640 802 806 807 810 815 826 828 
Number 1 I 1 I 1 I I I I I 1 1 1 1 
maxClll 865 2265 755 3465 255 490 12565 1555 1640 690 950 1545 4220 1290 
Pocket 29 30 31 32 33 34 35 36 37 38 39 40 41 42 
Tool no. 232 445 446 363 234 236 245 246 436 307 241 615 704 709 
Number 1 2 I I I I 2 1 1 2 I 1 I 1 
maxcut 2210 4245 445 925 6985 1595 4180 685 285 3630 1005 1050 260 365 
Pocket 43 44 45 46 47 48 49 50 51 52 53 54 55 56 
Tool no. 722- 724 732 736 770 774 778 350 305 312 630 610 804 809 
Number 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
maxcut 310 240 740 4740 2225 1260 1365 490 475 225 495 545 330 560 
I\) 
I\) 
'" 
Pocket 
Tool no. 
Number 
maxcut 
Pocket 
Tool no. 
Number 
maxcut 
Pocket 
Tool no. 
Number 
maxcut 
57 
822 
1 
565 
71 
364 
1 
290 
85 
997 
1 
99999 
58 59 
824 832 
1 1 
285 1045 
72 73 
367 434 
1 3 
310 5815 
60 61 62 63 
836 870 874 878 
1 1 1 1 
8850 8225 4375 4895 
74 75 76 77 
432 430 230 441 
1 1 1 1 
1530 1205 1625 890 
64 65 66 67 68 69 70 
701 891 893 801 80 81 902 
1 1 1 1 1 1 1 
290 355 330 315 2826 686 2185 
78 79 80 81 82 83 84 
200 262 452 231 431 440 45 
1 1 1 2 1 1 1 
1170 1800 2115 885 1685 3485 8640 
N 
W 
o 
Tool Data for Cluster number 5 
Pocket 1 
Tool no. 718 
Number I 
maxcut 350 
Pocket 15 
Tool no. 706 
Number 1 
maxcut 1110 
Pocket 29 
Tool no. . 640 
Number 1 
maxcut 17725 
2 3 
444 240 
I I 
2970 2650 
16 17 
707 710 
I 1 
750 1650 
30 31 
802 806 
1 1 
1665 1770 
4 5 6 7 
433 437 233 237 
4 2 2 2 
14830 4880 21235 5680 
18 19 20 21 
715 726 728 738 
I I I I 
965 6060 710 720 
32 33 34 35 
807 810 815 826 
1 1 1 1 
1010 2935 1645 11930 
8 9 10 11 12 13 14 
901 256 5 6 244 25 702 
I I I I I I I 
2800 1035 4950 690 3315 1765 1050 
22 23 24 25 26 27 28 
752 759 782 362 316 251 650 
I 1 1 2 2 1 1 
965 255 6225 105 4485 610 1185 
36 37 38 39 40 41 42 
828 838 852 859 882 232 445 
1 1 1 1 4 3 1 
1245 1180 1565 335 23160 4470 1620 
N 
W 
t--' 
Pocket 
Tool no. 
Number 
maxcut 
Pockct 
Tool no. 
Number 
maxcut 
Pocket 
Tool no. 
Number 
maxcut 
43 
446 
1 
510 
57 
352 
1 
870 
71 
252 
I 
1910 
44 45 
363 234 
1 1 
765 8650 
58 59 
374 307 
I 1 
345 615 
72 73 
452 231 
1 1 
2195 1500 
46 47 48 49 
236 245 246 254 
I 1 1 1 
1930 1660 560 1570 
60 61 62 63 
241 625 615 902 
I 1 I 1 
690 1125 755 1250 
74 75 76 77 
431 440 449 620 
1 1 1 1 
840 2750 645 4390 
50 51 52 53 54 - 55 56 
259 380 436 455 459 717 817 
I I 1 1 I 1 1 
1315 3390 1360 1920 1965 375 460 
64 65 66 67 68 69 70 
364 367 434 432 430 230 200 
1 1 3 2 I 1 1 
380 1045 7090 750 1075 1520 946 
78 79 80 81 82 83 84 
50 467 818 718 243 903 997 
1 1 1 1 I 1 1 
12545 430 370 350 1005 1035 99999 
N 
W 
N 
Tool Data for Cluster number 6 
Pocket 1 
Tool no. 1440 
Number 1 
maxcut 2185 
Pocket 15 
Tool nO. 1903 
Number 1 
maxcut 1035 
Pocket 29 
Tool nO. 1902 
Number 1 
maxcut 475 
2 3 
1437 1433 
2 2 
3823 6250 
16 17 
1230 1232 
1 2 
665 3030 
30 31 
1431 1231 
1 1 
370 425 
4 5 6 7 
1214 140 1240 1233 
1 1 1 1 
350 3215 2140 8650 
18 19 20 21 
1363 1234 1236 1245 
1 1 1 1 
355 6265 945 860 
32 33 34 35 
1252 1452 1456 1256 
1 1 2 1 
830 930 4840 3690 
8 9 10 11 12 13 14 
1237 1444 11 110 15 16 1244 
2 1 10 18 2 1 1 
4395 3710 75750 6025 9265 11080 4086 
22 23 24 25 26 27 28 
1246 1254 1259 430 1432 1434 1436 
1 1 1 1 1 2 1 
255 770 670 420 1800 5060 665 
36 37 38 39 40 41 42 
1257 1220 1251 1650 1445 1446 1455 
1 1 1 1 1 1 1 
1355 405 325 695 775 235 735 
N 
W 
W 
Pocket 
Tool no. 
Number 
maxcut 
Pocket 
Tool no. 
Number 
maxcut 
43 44 
1459 1717 
1 1 
1045 375 
57 
997 
1 
99999 
45 46 47 48 
1817 1352 1374 1307 
1 1 1 1 
460 870 345 615 
49 50 51 52 53 54 55 56 
1241 1625 1615 1901 443 1362 1248 1620 
1 I 1 1 1 1 1 1 
690 1125 755 2490 290 745 655 1010 
I\l 
W 
... 
Tool Data for Cluster number 7 
Pocket I 
Tool no. 1361 
Number 1 
maxcut 380 
Pocket 15 
Tool nO. 1702 
Number 1 
maxcut 1050 
Pocket 29 
Tool no. 1363 
Number 1 
maxcut 410 
2 
1367 
1 
1045 
16 
1706 
1 
1110 
30 
1234 
1 
2305 
3 4 5 6 
1440 1437 143 1752 
1 2 2 1 
2375 2600 9665 965 
17 18 19 20 
1707 1710 1715 1726 
1 1 1 1 
750 1650 965 6060 
31 32 33 34 
1236 1245 1246 1264 
1 1 1 I 
985 800 300 800 
7 8 9 10 11 12 13 14 
1240 1233 1237 1444 1901 15 16 1244 
1 2 1 I I I 1 I 
2280 13820 2985 850 1810 4950 6590 925 
21 22 23 24 25 26 27 28 
1728 1738 1828 1838 1852 1859 1882 1230 
1 1 1 1 1 1 3 1 
710 720 1245 1180 1565 995 23160 855 
35 36 37 38 39 40 41 42 
1259 1430 1432 1434 1436 1902 1431 1231 
1 1 1 1 1 I 1 1 
645 655 950 2030 695 775 840 1500 
N 
W 
(}1 
Pocket 
Tool no. 
Number 
maxcut 
Pocket 
Tool no. 
Number 
maxcut 
Pocket 
Tool no. 
Number 
maxcut 
43 44 
1252 1452 
I I 
1910 2185 
57 58 
1759 1782 
I 1 
255 6225 
71 72 
1455 1459 
I I 
11185 920 
45 46 47 48 
1200 128 150 1380 
I I 1 I 
945 1763 12545 3390 
59 60 61 62 
1316 1251 1650 1640 
2 I I I 
4485 288 490 17725 
73 74 
1232 997 
I 1 
1440 99999 
49 50 51 52 53 54 55 56 
1443 1362 1243 1620 1818 1718 1467 1256 
1 2 1 I I I I I 
355 2360 350 3380 370 350 430 1035 
63 64 65 66 67 68 69 70 
1802 1806 1807 1810 1815 1826 1445 1446 
I I I I I I 1 I 
1665 1770 1010 2935 1645 11930 845 275 
N 
W 
'" 
Tool Data for Cluster number 8 
Pocket 1 
Tool no. 1364 
Number 1 
maxcut 290 
Pocket 15 
Tool no. 1706 
Number I 
maxcut 980 
Pocket 29 
Tool no. 1778 
Number 1 
maxcut 1365 
Pocket 43 
Tool no. 1878 
Number 1 
maxcut 4895 
2 3 
1367 1440 
I I 
310 3485 
16 17 
1707 1710 
I I 
535 1095 
30 31 
\350 1305 
1 1 
490 475 
44 45 
1441 145 
1 1 
890 8640 
4 5 6 
1437 1433 1240 
3 4 I 
7100 15215 3340 
18 19 20 
1715 1726 1728 
1 I I 
865 2265 755 
32 33 34 
1212 1630 1610 
1 1 1 
225 495 546 
46 47 48 
1825 1230 1232 
1 1 2 
1290 1625 2210 
7 8 9 10 11 12 13 14 
1233 1237 1444 1901 15 16 1244 1702 
3 2 I I I I I I 
22125 5975 775 620 4180 5705 480 1015 
21 22 23 24 25 26 27 28 
1704 1709 1722 1724 1732 1736 1770 1774 
I I I 1 I I I I 
260 365 310 240 740 4740 2225 1260 
35 36 37 38 39 40 41 42 
1804 1809 . 1822 1824 1832 1836 1870 1874 
I 1 1 1 1 1 1 1 
330 560 565 285 1045 8850 8225 4865 
49 50 51 52 53 54 55 56 
1363 1234 1236 1245 1246 1430 1432 1434 
1 1 1 2 1 1 1 7 
925 6985 1595 4180 695 1205 1530 5815 
N 
W 
-.J 
Pockef 
Tool no. 
Number 
maxcut 
Pocket 
Tool no. 
Number 
maxcut 
Pockef 
Tool no. 
Number 
maxcut 
57 58 
1436 1902 
1 1 
285 2185 
71 72 
18\0 1815 
1 1 
1950 1545 
85 86 
231 997 
I I 
420 99999 
59 60 61 62 
1431 1234 1252 1452 
1 2 1 1 
1685 2465 1800 2115 
73 74 75 76 
1826 1445 1446 1307 
1 2 1 2 
4220 4245 445 3630 
63 64 65 66 67 68 69 70 
1200 \316 1251 1650 1640 1802 1806 1807 
1 1 1 1 1 1 1 1 
1170 3465 255 490 12565 1555 1640 690 
77 78 79 80 81 82 83 84 
1241 1701 1891 1893 1801 180 181 1615 
1 1 1 1 1 1 1 1 
1005 290 355 330 315 2825 585 1050 
C.3 Clustering Output 
The clustering output from the package is shown on the following pages. The 111" 
represents no tool and workpiece commonality and the "2" indicates where the 
workpieces uses the tool. 
<- WOR.K f'1E;c:e:S ~ 
IDOLS 6 16 18 2 8 20 3 9 4 10 5 11 12 15 21 22 
.. ~ .................................................... 
17 23 24 7 13 19 1 14 
199 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 2 1 1 1 1 1 
192 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 2 1 1 1 1 1 
151 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 
153 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 
152 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 
165 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2. 1 1 1 1 1 1 1 
5 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
4 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
10 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
14 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
15 1 1 1 2 2 1 1 1 1 1 1 1 1 .1 1 1 1 1 1 1 1 1 1 1 
24 1 1 1 1 1 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
20 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
26 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
27 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
21 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
22 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
23 1 1 1 1 1 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
16 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
12 2 2 2 1 2 2 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
17 1 1 1 1 1 2 2 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
18 1 1 1 1 1 2 2 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
19 1 1 1 1 1 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
28 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
29 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
30 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
31 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
32 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
33 1 1 1 1 1 1 1 1 2 2 .1 1 1 1 1 1 1 1 1 1 1 1 1 1 
34 1 1 1 1 1 1 1 1 2 2 '1 1 1 1 1 1 1 1 1 1 1 1 1 1 
36 1 1 1 1 1 1 1 1 2 2 1 .1 1 1 1 1 1 1 1 1 1 1 1 1 
37 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
38 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
39 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
40 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
41 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
43 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
44 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
45 1 1 1 1 1 1 1 2 2 2 1 1 1 1. 1 1 1 1 1 1 1 1 1 1 
46 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
47· 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
49 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
50 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
51 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
52 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
53 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
55 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
56 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
57 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
58 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
59 1 1 1 1 1 1 1 1. 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
60 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
63 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
82 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
83 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
64 1 1 1 1 1 1 1 2 2 2 2 i 1 1 1 1 1 1 1 1 1 ,1 1 1 
65 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
67 1 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
238 
72 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
74 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
80 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
84 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
85 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
90 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
91 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
92 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
93 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
94 1 1 1 1 1 1 1 2 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
95 1 1 1 1 1 1 1 2 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
96 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
97 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
99 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
103 1 2 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
104 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
105 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
106 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
107 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
108 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 
109 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
110 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
111 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
112 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
113 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
114 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
115 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
116 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
117 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
118 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
119 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
120 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
121 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
122 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
123 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
124 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
125 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
126 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
127 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
128 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
130 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
131 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
132 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
133 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
134 1 1 1 1 1 1 1 1 1 1· 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
135 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
136 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
137 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 
139 1 1 1 1 1 1 1 1 1 1 1 2 1 1. 1 1 1 1 1 1 1 1 1 1 
145 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 
146 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 
147 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 
150 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 1 1 1 1 1 1 
149 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 1 1 1 1 1 1 
140 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 
141 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 
142 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 2 2 1 1 1 1 1 1 
143 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 2 2 1 1 1 1 1 1 
144 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 1 1 1 1 1 1 
156 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
157 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
158 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
159 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
160 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
162 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
163 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
164 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
224 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 2 1 1 1 1 -1 1 
239 
229 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
230 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
231 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
232 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
233 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
234 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
235 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
236 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
237 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
238 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
239 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
240 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
241 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
242 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
243 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
244 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
245 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
246 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
247 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
248 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 .1 2 1 1 1 1 1 1 
249 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 
250 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 
182 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
183 1 1 1 1 1 1 1 1 1 1 1 1 1 . 1 1 1 2 1 1 1 1 1 1 1 
184 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
185 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 .i. 1 1 1 1 
186 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
187 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
189 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
190 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
191 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
193 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
195 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
196 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
197 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 
198 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 
201 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
203 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
204 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
206 1 1 1 1 1 1 1 1 1 - I 1 1 1 1 1 2 2 2 1 1 1 1 1 1 
168 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
202 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 2 2 2 1 1 1 1 1 
188 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 2 2 2 1 1 1 1 1 
213 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 2 2 1 1 1 1 1 1 
215 1 1 1 1 1 1 1 1 1 1 -I 1 1 2 1 1 2 2 1 1 1 1 1 1 
214 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
155 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
212 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
200 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
207 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 
169 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 
194 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 
174 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 
180 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
161 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
205 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
154 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 
148 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 1 2 1 1 1 1 1 1 1 
138 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 
225 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 
73 1 1 1 1 1 1 1 1 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
66 1 1 1 1 1 1 1 1 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
78 1 1 1 1 1 1 1 2 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
77 1 1 1 1 1 1 1 2_ 2 2 2 1 1 1 1 1 1- 1 1 1 1 1 1 1 
75 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
61 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
42 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
129 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
240 
69 1 1 1 1 1 1 2 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
62 1 1 1 1 1 1 2 1 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
76 1 1 1 1 1 1 2 1 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
25 1 1 1 1 1 2 2 2 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
61 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
46 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
66 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
79 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
54 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
35 1 1 1 1 1 1 1 1 2 1 1 1. 1 1 1 1 1 1 1 1 1 1 1 1 
66 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 < 1 1 2 2 2 2 1 
1 2 2 2 2 2 2 -2 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 
2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 
6 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
7 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
6 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
9 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
11 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
13 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
100 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
101 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
102 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
166 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
167 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
170 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
171 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 1 
172 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 1 
173 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
175 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
176 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
177 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
178 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
179 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
181 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 
208 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
209 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1 
210 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 
211 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 
216 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 
217 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 
218 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 
219 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 
220 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 2 2 1 1 1 1 1 
221 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 2 2 1 1 1 1 1 
222 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 
223 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 
251 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 
252 1 1 1 1 1 1 1 1 1 1 1 1 1 1. 1 1 1 1 2 1 1 1 1 1 
253 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 
254 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 
255 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 
256 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 
2 6 20 3 9 4 10 6 5 11 12 15 21 22 16 18 17 23 24 7 13 19 1 14 
0 2 2 5 6 8 9 15 25 35 45 52 53 56 56 63 72 81 92 98 98 98 96100 
12 o 16 4 14 4 35 55 57 62 37 4 18 4 39 49 53 60 35 0 0 o 12 
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Appendix D: Tool Output Module 
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D.I Introduction 
Within the output module of the emulator the key area of information obtained was in the 
area of cell performance measures, focussing on work flow. Although these results gave 
an indication of overall performance when examining dual flow, it was necessary to 
ascertain the perceived tooling requirement, the tool storage details and individual tool 
details. This level of output is necessary if one wishes to identify any tooling capacity 
problems or identify the tools which may cause a bottle-neck. To meet these 
requirements a tool output module was written. 
D.2 Emulator Tool Output 
At the end of an emulation run when either all of the workpieces are complete, or the user 
wishes to examine a snap shot of the system, the user is asked if outputs are required. 
This is an interactive session. If the user indicates yes, then they are asked if tool outputs 
are required. A yes in this case results in the emulator outputting a data file with all the 
tool details, tool numbers, tool life, tool life left, sister number, number of uses and, if it 
is captive in the STS, the tool pallet or the machine. From this data file the following 
tooling information can be ascertained: 
perceived tooling requirement, 
sister tool details, 
tools captive on each machine, 
tools captive in the tool pallet, and 
tools captive in the STS. 
For each of the categories the tool number, life and remaining life is given. 
D.2.1 Perceived Tooling Requirement 
This is the sum of the minimum tooling requirement, i.e. the number of tools at the start 
of the emulation and the number of tools added during the emulation run. The output 
information is given to the user in the following format: 
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-- -------
Summary of tool numbers in the system 
=========================== 
minimum tooling requirement 
tools introduced during emulation run 
Perceived tooling requirements 
D.2.2 Sister Tooling 
261 
236 
497 
The sister tooling is used to collate all the duplicate tools together. This enables the user 
to identify the tools which have the maximum demand as well as examining their tool 
lives. The latter examination can be of major relevance as some tools may not be used as 
the tool life left is not adequate for use on the workpieces being allocated within the cell. 
They may be of use within another cell. 
The output information is presented to the user in the following format: 
tool description 
1 
~ 
tool description 
t-ref 
cell no 
sts no 
uef tlife lifeleft cell sts 
1 70 35 1 
25 70 28 1 
company tool number 
identifies between tools of the same type 
cell number tool is in 
secondary tool store 
1 
1 
D.2.3 Tools captive on machine 
mach tpf 
o o 
o o 
This output is useful when the user is focussing on a snapshot of the performance and or 
if they wish to determine whether the machine is near its capacity. It should be noted that 
at the end of an emulation run if the kitting strategy is used, no tools will be captive on 
the machines. 
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Oumut information 
Machine 1 
tref toolno tool life tool life left tstat uses regrind 
4 440 54.0 26.l2 8 0 
8 437 27.0 0.27 w 1 0 
11 702 70.0 49.35 10 0 
number of tools on machine 1 is 139 
~ 
tstat indicates the tool status w = worn 
uses indicates the number of uses. This allows for the option of restricting the 
number of uses a tool can have 
D.2.4 Tools Captive in Tool Pallet 
This is mainly of use when the designer is examining a snap shot of the manufacturing 
system at that time. 
Oumut Information 
Tool pallet no. 1 
tref toolno tool life tool life left tstat uses regrind 
number of tools in tool pallet no. 1 = 0 
capacity of tool pallet no. 1 = 210 
D.2.5 Tools captive in STS 
This indicates to the user the tool contents of the cell tool store. 
245 
Output Infonnation 
Secondary Tool Store 
tref toolno tool life tool life left tstat uses regrind 
1 1 90.0 8.21 W 2 0 
5 5 90.0 4.01 W 10 0 
7 433 54.0 1.99 W 6 0 
Note - regrind again is an option within MCMS modelling where regrinding occurs in the 
crS. 
D.3 Conclusions 
The user is offered various levels of outputs from the emulator. The advantage of the 
output module used is that overall calculations are given, tool store contents are offered, 
and the tooling infonnation is available offering individual tool details if required. It is 
the author's view that the user can select the level of details they require offering a 
substantial variation in infonnation. 
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Appendix E: Published Paper 
McQueen, L., Bell, R. and Newman, S.T. 
Modelling the Flow ofWorkpieces and Tools within Flexible Machining Cells. 
Canadian Conference on Industrial Automation, Ecole de technologie superieure, 
Montreal,l-3 June 1992. Conf. Proc., Vcl II Section 31.13. Publishers International 
Association for Industrial Automation. 
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MODELUNG THE FLOW OF WORKPIECES AND TOOLS WITHIN 
FLEXIBLE MACHINING CEllS 
"L.B. McQueen, +R. Bel~ +S.T. Newman 
Abstract 
ll1is paper presents a case for the concurrent modelUng cf 
wor1<pieces and 100Is within Rexillle machining Cells. tt places 
this WOI1IIn context with state cf the art cells and technotcgicaJ 
advancements, with the develcpment In the sophistication and 
capabifrty 01 reD controllers. 
A mcdular meoo~rlven software prototype Is iltroduced with the 
background and need for this design aid being described. 
Fmally, an Industrial case Study, examining the interaction of the 
two IIcws and the effect attemate operating strategies can have 
on the ceUs performance is illustrated. 
introduction 
Recent yeaB have seen the advancement of computer aided 
lechnoIogies with the use of computers at all levels within the 
business and manufacturing induslJy. Within the manufacturing 
sedXlr computers are used " aid in ordering, stock control, and 
the control of the factory, down 10 the YoIlrl<cenue on the shop 
floor. Current research is being directed toward the application 
of computers in the control of Rexible Machining CeDs (FMC). 
Although this area of research has been active for many years 
and cells presenlly utilise computer control, researchers are sfiIf 
Ihriving toward a generic conIrol solution for SUCh ceUs. 
Within the research and industrial communities there are 
varIances on what is cfassified as cell control and whal decisions 
need 10 be laken ups1ream of a cel and Ihose that should be 
addressed at cell level H is necessary 10 identify what is 
cfassified as ceR conlrOl with respect " the YoIlrk at 
l.oogtjlo!ough and address the issues that arise for model~ng 
these cels. A major consideration is that of bridging the gap 
between !esealt1J'and teal systems'applications. 
ll1is paper wit place the WOI1I being undertaken in conlext " the 
control hier.uchy within factory automation, tt will then highflQht 
what are the opIions for modeDing cells and iUUSIraIe that with 
the advancements in the ~Iogy and the automation that 
can be Implemented the modelfing cl ceUs at present does not 
reflect the industrial applications. 
Control Hierarchy 
Within the integrated factory there is in general a hierarchical 
approach " the control of these laciHties. 
• UnlVeI$Ity of Bath, Unlled KIngdom 
+ Loughborough Unlverstty of Technology, United Klngdcm 
The tierarchy consists of Iot.r er five layers, for the WOI1I 
desorlbed the Nalional Institute 01 Standards and Technology 
(NIST) definitions wiG be used [1]. The Advanced Marulacturing -
Research FaciUIy of NIST Identifies five levels 01 control within 
the IntegraIed fadllry these levels viz; Faci,ly, Shop, Cell, 
Workstation and Equipment are depicted in fIgUre 1. 
The aim 01 the modening aid at l.oughbcrough is 10 operale In 
pseudo real-time mode. Fer cell control the YoIlrk encompasses 
the three lower levels namely; cell, workstaficn and equipment, 
any decisions that are laken above these levels are considered 
" be ups1ream 01 the cell. It is assumed that for the definition 01 
cell modeUing that the shop issues workpleces and mis 10 the 
cell and the ceD then COIlIrcIs the alloCation cl these entities to 
the WOI1Istation. 
industrial Trends 
Within manufacturing facilities lOday there is the capabiUIy 10 
have highly automaled manufacturing ceUs. Two prime 
examples 01 highly sophisticated plants are Ihose al Yamazaki, 
Worcester and Holsel Engineering both in Great Britain. 
The Yamazaki plant at Worcester is a prime example 01 a 
cellular approach to production. The worldlow is fully aulOmated 
with pallel transfer within the machining area utilising rail.guided 
stacker cranes and an AGV sysrem for the transfer 01 the raw 
materials from their ~ stores to the storage area at the 
machining centre [2). The tool flow is fully automated and 
utilises an cvefl1ead highway mcno-rail which deivers tools to 
the machine when required figure 2 alustraflls the tool transfer 
device. il this case the majorily cf 1001 exchanges are that of 
mi wear and tool breakage, the tool issue utilised is that cl 
Rapid Tool Transfer [3]. 
HoIseI Engineering also have adopted a mutlk:eDuIar approach 
to manufacture incotporating a serial ftow cl the parts through 
each cell, as shown in figure 3. Within this plant NlVs are used 
to transport the pallets between cells and a 5~s gantry robol is 
used to IoadItIlIoad the machines and in some cl the ceDs 
exchange tools [4]. 
il each 01 the above cases the locus is en simplified conIrOI with 
the cell controllers issuing the work and tools for a pm-
detennined isl. In the case cl Yamazaki the tooling at the 
machines is cluslered with the work being scheduled to the 
machines based on the captive tooling. Holset again has a 
presel aim in mind with a pre~lennined muting and part lamily 
Ior production. 
Cell Controllers 
There Is a dri'Ie from !he suppliers 01 ceU c:onIrOIIeIs toward 
pnMding c:onIroI rutes which can manage !he low 01 bolh 
wcrI<pleces and tlOIs .. !tin II1e eel. 
Wemer and KDlb have used !he IoIlowing alleria In IheIr Werroet 
se I c:onIroI station; determination or current roor needs, 
management 01 tloI data, preparation 01 tools aI!he right time 
and 1inaDy handling devices D provide QuIck Tool ChangIng 
(OTC). This conIroUer will sequence WOIk to !he machine to 
reduce change over times and .. D also back !he lools (5) 
Siemens In line wilh machining eeDs Irom Cindnnati Miacron 
oRer Itvee levels 01 eeU con1roI\er$ depending upon customer 
requirements. The Ihird level JncorporaIes a multi-tasl<ing 
environment where torward planning and real-time scheduling 
can lake place. In lhiS lhird spectrum tool defivery systems are 
operational [6). 
Each 01 !hese examples highlighl!he drive toward an integraled 
eel inooIporating bolh II1e management 01 !he v.OO<pieces and 
1oo1s. The one missing factOl' occurs when !he now Is nei!her 
dominaled by WJrt<. as it !he Holsel example or dominated by 
1oof'"9 as in II1e duster sets ilustrated in !he YamazaId plant. In 
each 01 !hese cases !he WOIk Is drawn 10 !he lools or vice-versa. 
• a eel consIsIs of high cost parts and tools, a problem arises, 
neilhe! flow is seen to domilate. 8camples of !hese cases arise 
when you have say large WOI1<pieces wiIh a large variety 01 tools 
and !he machines tool SlDres cannol accommodate IhIs variety. 
This Is evident it !he RockweIl PMC eeB al Peterborough a 
silYJle machine eell wiIh a 205 capacity machine 1001 store. H 
one wanted 10 examine !he present eell 01' a proposed 
expansion 01 !he eellll1ere Is no user friendly modelfing package 
!hat will be applicable 10 II1e sbJdy. The wort<. desalbed in !his 
paper has arisen Irom identifying a missi'!<l.fink In II1e design 01 
FMC inooIporating high cost parIS and tools and where neilher 
now Is seen to be dominant 
Why Dual Row Modelling 
Modewng 01 FMCs has now become commonplace when one Is 
designing and operating an FMC. Many controllers as it !he 
Siemens provide a simulation IealUre as part 01 !he package. 
The majority 01 cell con1roIlers and commeftial simulation 
packages locus on !he modelling 01 !he worI<pIeces wilhln !he 
eel and lend to operate on a bulk 1001 changeover for !he loofing 
or operate as a IrackiIg mechanism. 
In !he fII*.rIty 01 cases !he modening 01 WOIkftow only Is 
adequate. 11 a eeU Is oriented toward a family of parts, or a low 
variety 01 products are produced Of il machines are specialised 
!hen !he role 01 1006ng wiIhIn !hese systems Is !hat 01 replacing 
womIlroken tools. H!here is adequate capadly for roor storage 
and !he cost of !he tools is nol a majOl' factor modeUing !he 
sequence of !he parts would dICe. In general W one needed to 
examine !he roor now in delai one could model !he tool 
management system. De Souza (3] focussed on !he tool now 
management of highly automated batch manulacturing systems 
where one could perceive !he tooing mqUrernenIs 01 a ceU and 
modeIlI1e tlOI flow mechanisms. 
Each of II1ese devices operaI8 In parallel wiIh each olher Ytilh no 
Interaction 0CClIling. The advancemenIs In !he mc:hnoIogy In 
bolh hardware and sot\war8 \erms has led 10 pad<ages 
examining bolh v.OO<pieces and tools. Mast [7] sfmulales 1001 
lae and bases II1e scheduling on a bulk 1001 change over, via a 
tool Ytindow so !hat !he tools are calculated for !he time window 
spedfie<l by !he user. Reseastllenl such as Came and PeIara 
(8] consider tooling as a constraint 01' only a problem when !here 
is a capacity problem al !he machine. Each 01 !hese 
approaches are satisfactory untilOne wailfs tI rationalise toofing 
due fo fo.igh cost as wen as produce !he parts on time. This falter 
approach would be evident in !he previously cflSCUSsed high cost 
eellS. 
These high cost cens a1ler between a wort<. dominated cen In a 
tool dominated eell basing !heir decisions on !he stale 01 !he eeU 
at !he time. In effect !hey are operating like !he production 
manager weighing up !he stale 01 !he cell !hen faldng action. ff 
one adopts !he approach IhaIls presentiy offered on !he markel 
decisions WJuld be made .. Ih impractical constrainIS. These 
constraints are not always geared toward achieving economic 
scheduling of worlqlieces and Iools and manufacturing 
perfonnance criteria. 
Dual Row Modelling Prototype 
The dual now emulator at Loughborough provides a modeling 
tool which can mimic !he concooent flow of bolh WOI1<pieces and 
tools wilhin an FMC. The emulator consists 01 a menu-driven 
suite of modules lhal mimic !he toof transfer and storage, 
manual activities, sel-tJP, unloading and loading, transporIaIion 
and so on. In summation n mimics !he eea it its entirety and 
does nol cons1rain what II1e operational practise would be on II1e 
shop floor. 
This prolntype provides !he detal tI model a WOIk-oriented 
system where !he lools are cflClated by !he parts, a tool oriented 
system where !he parts are drawn to !he 1ooIs. The fina/ mode 
01 operation Is !hat of a competitive system where neilher !he 
WOIk or tools dominate wiIhIn !he high cost ceU. In IhIs case 
!here Is a 1rade-off on fine wilh !he 1001S or parts dominating 
depending on eeU conditionS at !he time. The!lvust oIlh1s WOlf< 
Is to ascet1ain economies of rnanufacttIing alleria Ytilh 
modelflllg !he Interaction of !he two flows and improving !he 
overall perfonnance. This modIe 01 model6ng Is required when 
!he toofing costs are high 01' In a fina/ mode when !he 
sequendng 01 !he parts could eRect !he een pertonnance 
drasticaDy. 
Case Study 
To validate !he emulation software for dual flow n Is necessary to 
examine an ilduslrial example III see !he effect !hat each 
operating strategy could have on !he een perfonnance in terms 
of throughput. uti6sation and 1001 rationalisation. 
A two machine eel, each .. Ill a 205 capacity tool store, based 
on a proposed future extension .. 1hIn an Induslrfaf c:ompany 
was considered. A product mix flat extended the cell capacity 
on IDOing was used so flat Initially extremes could be examined 
W the cell and sec:ondIy, the protJlype sof\ware was chaI1enge. 
This extended cell Is deplCled iI flglXll 4. tt consists of two 
vertical machining cen!res, a robot poIfaJ overhead gantry for 
exchanging tools. This gantry services kloIs from the tool sIDle 
i1the eel aaoss the machines. The aim of the appfication was 
kl ilus1r.lte the effect different operating strategies would have 
on the running of the eell This was dependant upon manual 
labour required, the variation In part types, the variation on fool 
requirements between a work oriented system and one Issuing 
solely based on the toofing captive on the machine. 
The following two s1r.Itegies were considered: 
I. Schedufing parts with respect 10 the load on the machine. 
2. Scheduling parts on the least number of fools required. 
The part list consisted of eight units to be produced 'Iotlich in 
effective was equivalent to 24 parts each having a batch of five 
hence, 120 jobs. The scheduling had 10 consider firsUy the 
opel3ling criteria, secondly IhaI certain jobs could not 
c:ommence until others had been c:ompleted and finally IhaI the 
parts were restricted to certain pallelS willl the correct Iixturing. 
To examine the difference between s1r.ltegies the tools were 
aDocated between the two machines based on the part mix and 
an initial minimum toofing requirement of one of each fool, in Iflis 
case 261 lools. 
The summarised outputs were: 
slralegy s1r.ltegy 1 strategy 2 
Tme 10 c:omplete 181.8 255.95 
parts (hours) 
set-up and cutting 
machine 1 90.8 79.6 
machine 2 83.4 43.0 
manual % on tool 26.8 5.7 
exchange 
Number of fools used 652 497 
ConclusIon 
This paper has presented a modenlng aid IhaI can be used to 
ilvestigate the c:oncunent modelling of bolll WOI1<pieces and 
kloIs 5imullaneousfy under varying operating strategies. tt has 
shown lhat under each condition there are trade offs between 
the time to achieve the part 1t1roughput against the number of 
tools wiIflin the cell as well as the manual requirement for tool 
exchange, this excludes refu1lishment of kloIs. ft pnMdes a 
means of Investigating the maIeriaI handling mechanisms, such 
IhaI ff rapid tool changing was reqUred one could Identify H the 
hardwaIU speed and capacity Is sufficient w the operating 
conditions expected, and identify any borue-:ks. 
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Figure 1: Control Hierarchy 
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Rgure 2: Yamazaki Rapid Tool Change 
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